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ABSTRACT 
_ This research addresses emissions of hexavalent chromium 
mist from hard chromium electroplating operations. Most of 
these emissions are typically captured by a ventilation stack 
and directed to a pollution control device; those which escape 
capture are called fugitive emissions. Releases of toxic 
materials such as hexavalent chromium must be reported 
annually to the Environmental Protection Agency (EPA) under 
provisions of the Superfund Amendments and Reauthorization Act 
(SARA) Title III of 1986 via the Toxic Release Inventory 
(TRI), Form R. 
The objectives were: (1) to provide estimates of 
fugitive hexavalent chromium emissions for the completion of 
Form R; and (2) to develop a predictive model for stack and 
fugitive emissions versus process and ventilation parameters. 
The database for stack emissions included published results 
from EPA studies. Fugitive release data were generated by 
field characterization at two operating facilities. 
Supplemental data for stack releases were also obtained during 
this field activity. 
The fugitive releases were documented to represent a 
small portion of the total atmospheric discharge; in most 
instances, the fugitive releases were less than the detection 
capability of the sampling/analytical protocols. Stack 
releases were successfully correlated with a measure of 
production activity (ampere-hours), production capacity (mass 
of chromium in the process bath), tank dimensions (plating 
bath surface area), and ventilation efficiency (ventilation 
s_lo.t--area) . 
This effort was supported by the EPA in the form of a 
cooperative agreement with the American Electroplaters and 
Surface Finishers Society (AESF). 
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CHAPTER I 
INTRODUCTION 
Background 
This thesis describes a research project initiated by the 
University of Central Florida (UCF) Department of Civil and 
Environmental Engineering (CEE) in the Fall of 1990. The 
project involved investigating methods for improved estimation 
of chemical releases which require reporting under provisions 
of the Superfund Amendments and Reauthorization Act (SARA) 
Title III of 1986. Specifically, these releases must be 
reported annually to the U.S. Environmental Protection ~gency 
(EPA) via the Toxic Release Inventory (TRI), Form R. 1 
SARA Title III reporting may be based on estimates which 
are derived from emission factors, material balance 
calculations, or eng1neering judgement in lieu of actual 
monitoring. In view of the public availability of TRI data, 
individual industries may be subject to an inappropriate and 
falsely negative public perception if releases are 
overestimated. Underestimation of actual releases may provide 
relief from public scrutiny, however there is concern that 
future regulations may be based on unreasonably low estimates 
of releases provided by industry in good faith in the absence 
of hard monitoring data. Ultimate compliance with such 
regulations could be unreasonably difficult, made so by 
optimistic reporting of present operating experiences. 
2 
Consequently, there is tremendous incentive to achieve 
accurate estimates to these environmental releases on the part 
o_f _ .both industry and the Environmental Protection Agency. 
Objectives 
While potential processes and toxic compounds to be 
studied were not restricted to any specific cases, EPA 
priorities had identified 17 toxic chemicals of particular 
interest: 2 
1. benzene; 
2. cadmium and its compounds; 
3. carbon tetrachloride; 
4. chloroform; 
5. chromium and its compounds; 
6. cyanide and its compounds; 
7. dichloromethane; 
8. lead and its compounds; 
9. mercury and its compounds; 
10. methyl ethyl ketone; 
11. methyl isobutyl ketone; 
12. methyl chloroform; 
13. nickel and it's compounds; 
14. perchloroethylene; 
15. toluene; 
16. trichloroethylene; and 
17. xylenes. 
The process selected for study was hard chrome plating 
with the specific objective of field characterization of 
hexavalent chromium releases. The research for this thesis 
was undertaken as a collaborative effort between UCF and the 
American Electroplaters and Surface Finishers Society (AESF) . 
The preliminary objective was to help the surface finishing 
industry to identify and solve specific problems with 
completion of Form R. The majority of environmental releases 
3 
(water and sludges) in the industry are subject to some form 
of monitoring in conjunction with an operating permit. 
Acc~rdingly, monitoring data is usually available to support 
completion of Form R. The principal exception to this 
generalization concerns air emissions, particularly fugitive 
emissions. 
A secondary objective was to take data from field 
sampling of this research combined with a historical database 
of stack emissions tests done by the EPA and develop an easy 
to use predictive model for uncontrolled emissions of 
hexavalent chromium from plating tanks. 
CHAPTER II 
LITERATURE REVIEW 
Chromium as a Health Hazard 
The focus of this thesis is chromic acid emissions from 
hard chromium plating baths. Knowledge of these releases is 
important because of the known adverse health affects of 
hexavalent chromium and the significant quantity of chromium 
mists emitted from plating baths prior to reaching pollution 
control devices. Other plating processes such as decorative 
trivalent chromium plating and chromic acid anodizing are not 
as significant emitters of toxic pollutants and will not be 
considered. 
Heavy metals such as chromium are toxic to micro-
organisms because of their ability to tie up the proteins in 
the key enzyme systems of the micro-organism . . Chromium may 
exist in several valence states, each with its own physical, 
chemical, and toxicological properties. While cr+3 is 
naturally occurring, is relatively non-toxic (and in fact is 
an essential dietary mineral), cr+6 is classified by the u.s. 
EPA as a known human respiratory carcinogen. 3 As early as 
1928, Bloomfield and Blum4 discussed detrimental effects of 
cr+6 mist from chromium plating operations on the respiratory 
system and mucous membranes of exposed plating workers. 
4 
5 
A detailed review of health affects of chromium was 
performed by the National Institute for Occupational Safety 
and -Health (NIOSH) in 19765 and again in 1984. 6 It is because 
of the adverse health effects that NIOSH set up the first 
standards for occupational exposure to hexavalent chromium5 
and that the EPA set up a national emissions standard for 
hazardous air pollutants (NESHAP) for this substance. 7 
Hard Chromium Electroplating Operations 
General Overview 
Probably the first person to deposit chromium by 
electrodeposition was Junot de Bussey in 1848-1849 (as 
reported by Dubpernell8). It was not until about 1925 that 
commerc.ial plating of chromium from chromic acid baths was 
accomplished. There are two types of chromium electroplating: 
decorative and hard chromium. In decorative chromium plating, 
trivalent chromium (Cr+3 ) is reduced and a thin layer of 
chromium is applied over nickel or nickel-type coatings to 
provide a protective, durable and non-tarnishing surface 
finish. Decorative chromium applications include automobile 
parts, household appliances, furniture, plumbing fixtures and 
bicycle hardware. 6 In hard chrome plating, hexavalent 
chromium (Cr+6 ) is reduced and a relatively thick layer of 
chromium is deposited directly on a base metal (usually steel) 
to provide a surface with wear resistance, a low coefficient 
of friction, hardness, and corrosion resistance. Hard plating 
6 
is used for such items as hydraulic cylinders and rods, 
industrial rolls, zinc die casting, engine components, and 
mari~e hardware. 7 
There has been an increased awareness by the EPA, States, 
and local air pollution control agencies of potentially toxic 
substances released to ambient air. This awareness has led to 
attempts to identify source/receptor relationships for these 
substances and to develop control programs to regulate 
emissions. Extensive studies have been done by the EPA to 
evaluate atmospheric releases of chromium and to determine the 
efficiency of stack gas air pollution control (APC) 
devices. 7•9- 16 All of these studies dealt with stack emissions 
and neglected fugitive emissions (i.e. emissions not captured 
by any ~ontrol device, and free to disperse to the room and 
eventually the atmosphere). Although .the NIOSH study of 19846 
provides documented efforts to measure fugitive cr+6 emissions 
for the purposes of monitoring occupational exposure to the 
substance, it did not address releases of these emissions to 
the atmosphere. 
Even in those cases with superior ventilation, failure of 
the ventilation system to entrain a relatively small fraction 
of the generated chromic acid mists for removal would result 
in a serious under-reporting of atmospheric releases. This is 
due to the reported efficiency of the APC devices (in excess 
of 99%). 7 For example, if the ventilation hood captures 98% 
of the tank total emissions, 2% escape as fugitive emissions. 
7 
If the control device efficiency is 99%, then only about 1% 
escapes out the stack; the fugitive air emissions are thus 
dou~e the stack emissions. Data from the 1988 Toxic Release 
Inventory (TRI) report17 for the plating and polishing industry 
(SIC code 3471) shown in Table 1 indicates that estimates of 
fugitive air releases are of similar magnitude to stack 
emissions, providing further justification for improved 
characterization of this source. 
I 
TABLE 1 
1988 TOXIC RELEASE INVENTORY FOR Cr+6 
(SIC CODE 3471) 
EMISSION I LB cr+6 1 YEAR RELEASED 
Fugitive Air 11,100 
Stack Air 14,000 
Source: Reference 17 
I 
According to Hester, 18 there were an estimated 1, 54 o hard 
chromium electroplating shops in the United States as of 1982. 
Plating operations range in size from small shops, with one or 
two small tanks that are operated only a few hours per week, 
to large shops with several large tanks that are operated 24 
hours per day, 7 days per week. Many plating operations are 
captive shops that perform chromium electroplating as one 
operation within or for a manufacturing facility, while others 
are job shops that provide custom plating for many different 
clients. Electroplating shops typically are located in or 
near industrial centers in areas of high population density. 
8 
states with large numbers of chromium electroplaters include 
California, Illinois, Massachusetts, Michigan, New York, Ohio, 
a-n-d -Pennsylvania. 7 
The size of the hard chrome plating industry illustrates 
the need for greater quantification of airborne releases of 
hexavalent chromium, especially since stricter air pollution 
emission standards on these emissions are being imposed by 
state and federal regulating agencies. 
Process Description 
In electroplating, an electrolytic cell (see Figure 1) is 
constructed which consists of an electrolytic solution ~nd an 
external electrical circuit. 7 In hard chrome plating, 
chromium anhydride (Cr03 ) is added to water and a small amount 
of sulfuric acid is added as a catalyst. Fluoride or 
fluorosilicate may aiso be added as a catalyst. By common 
usage, cro3 is widely known as chromic acid; therefore, in 
this thesis, cro3 will be referred to as chromic acid. The 
cro3 reacts with water to form H2Cro4 , which is correctly 
called chromic acid. As more Cr03 is added, H2Cr04 molecules 
combine to form dichromic acid (H2Cr2o 7 ) and water as shown in 
equation (1). 
(1) 
9 
Dichromic acid ionizes to form negative ions of 
dichromate (Cr2o7- 2 ) which are attracted to the positively 
cha-r-qed electrode, or anode, and positively charged H+ ions 
which are attracted toward the negatively charged electrode, 
or cathode. An acid radical, usually sulfate or fluoride, 
must be present to act as a catalyst to enable cathodic 
deposition of chromium metal; the mechanism for this process 
is not fully understood. 19 The cathode is continuously 
supplied with electrons from an external circuit, which 
usually consists of a rectifier that changes alternating 
current to direct current. 
10 
-
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Figure 1. Schematic of a Typical Electrolytic Cell. 
Source: Reference 7 
11 
The cathode reactions take place at the surface of the 
part to be plated. 
side- reactions: 7 
These are deposition reactions and two 
tank. 
Cr2o 7-
2 + 14H+ + 12 (e-) -> 2Cr0 + 7H2o 
2 H+ + 2 ( e- ) - > H2 t 
(2) 
(3) 
(4) 
Figure 2 presents a schematic of a typical electroplating 
Tanks used for hard chrome plating are usually 
constructed of steel and lined with a polyvinyl chloride sheet 
or plastisol. The anodes, which are insoluble, are made of a 
lead alloy that contains either tin or antimony. The part to 
be plated, the cathode, is suspended from a rack that is 
connected to the cathode bar of the rectifier. The following 
reactions take place at the anodes during electroplating: 7 
40H- - 4 (e-) -> ~H20 + 02 t 
Pb + 40H- - 4 (e-) -> Pb02 + 2H20 
2Cr+3 + 302 t - 6(e-) -> 2Cro3 
(5) 
(6) 
(7) 
Faraday's law for electrolytic deposition reactions 
states that the mass of a substance deposited on an electrode 
is proportional to the total coulomb charge transferred 
(ampere-hours) and the gram equivalent weight (GEW = Atomic 
weightjvalence) of the substance. For hard chromium 
electroplating, the basic reaction is a reduction of cr+6 
(electrons are gained) to chromium metal: 
( 8) 
Exhaust 
hood <j 
Thermocouple 
Heat 
Exchanger 
Rectifier 
---------~---~-----·-··4· ~~ ------·----·------
~ Plating 
Tank 
Cathode 
Figure 2. Schematic of a Typical Electroplating Tank. 
Source: Reference 7 
...... 
N 
13 
The atomic weight of chromium is 52 gjgmole; therefore, 
the GEW for this reaction is: 
GEW = (52 gjgmole) = 8. 67 gjmole-eq (9) ( 6 equ1. valents) 
Since one Faraday (96,500 ampere-seconds) generates one 
mole-equivalent of coulomb charge, the total mass of chromium 
deposited on the cathode (assuming 100% efficiency) can be 
found by: 
Mass (grams) - # Faradays x GEW (10) 
Since the mass deposited is equal to density times 
surface area plated times the plating thickness, this equation 
can be rewritten in a different form commonly known as the 
electrochemical equivalent for chromium. 7 This is shown as 
follows: 
(I) ( t) = 51 ~ 8 (D) (SA) (11) 
where 
I - current (amperes) 
t - plating time (hours) 
D - plating thickness (mil) 
SA = surface area of part to be plated (ft2 ) 
The equation means that 51.8 ampere-hours are required to 
deposit 25 ~m {1 mil) of chromium per square foot of part 
surface area. It is a common practice to set the current 
based on a typical current density of 3,100 amperesjm2 for 
hard chrome plating; therefore, to increase the plate 
thickness on a given part, the plating time is increased 
rather than increasing the current. Frequent cooling is 
14 
required during operation because of the heat produced by the 
high current load. 7 Table 2 shows typical operating 
parameters for- hard chrome electroplating. 
I 
TABLE 2 
TYPICAL OPERATING PARAMETERS FOR HARD CHROMIUM 
ELECTROPLATING OPERATIONS 
PARAMETER I OPERATING RANGE 
Plating Thickness, J..Lm (mil) 1.3-762 (0.05-30) 
Plating Time, min 20-2,160 
Chromic Acid concentration, 225-375 (30-50) 
g/L (ozjgal) 
Sulfuric Acid concentration, 2.25-3.75 (0.3-0.5) 
g/L (ozjgal) 
Temperature of solution, c (F) 49-66 (120-150) 
Voltage, volts (V) a 
Current, amperes (A) b 
Current Density, A/m2 (A/ft2 ) 1,600-6,500 (150-600) 
I 
a Depends on the d1stance between the anodes and the 1tems 
being plated. 
bDepends on the amount of surface area plated. 
Source: Reference 7 
Chromium electroplating requires constant control of the 
plating bath temperature, current density, plating time, and 
bath composition. The chemistry of the bath affects plating 
speed, covering power, and operating voltage requirements. 
The plating speed is the rate of film growth and is typically 
expressed in micro-inches per minute. Covering power is the 
ability of a plating solution to produce a deposit at very low 
current densities. The bath temperature has an effect on 
15 
plating speed and current density. current density also 
affects plating speed as well as covering power and plating 
thickness. 7 - - ·· -· 
Uncontrolled Emissions Hexavalent Chromium 
Theory 
Emissions of chromic acid mist from the electrodeposi tion 
of chromium in chromic acid plating baths occur because of the 
inefficiency of the hexavalent chromium plating process; only 
a small percentage of the current applied actually is used to 
deposit chromium on the item plated. This is called the 
cathode efficiency and it is about 10 to 20 percent form hard 
chrome plating. 
Eighty to ninety percent of the current applied is 
consumed by the evolution of hydrogen and oxygen gas at the 
electrodes with the resultant liberation of gas bubbles. As 
the bubbles burst at the surface of the plating solution, a 
substantial amount of fine chromic acid mist is formed. 
Rather than increasing the current to adjust for the lower 
cathode efficiency, plating time is usually increased, since 
current density is usually held constant for a given part to 
be plated. 
In 1986, Resch20 reported that the bursting of a gas 
bubble at the surface of a liquid generates two distinct types 
of aerosol droplets: liquid film aerosol droplets and liquid 
jet aerosol droplets, as shown in Figure 3. Particulate size 
16 
distribution provides important information in the design of 
particulate control equipment used to reduce cr•6 emissions. 
Chromium mist- -p-articles typically range from about 0.1 J..Lm to 
50 J,£m with an average of about 10 to 15 J,.Lm. 11 , 12,21 
0 00 0 
o o 0 o!, o :·~~~· 
bubble film drops 
0 
0 
0 
0 
jet drops 
Figure 3. Aerosol Formation from Bursting of Gas Bubbles. 
Source: Reference 20 
17 
Process Factors Effecting Emissions 
The study to develop a national emission standard for 
chromium emissrons from chromium electroplating and chromic 
acid anodizing operations was initiated in September by the 
EPA in 1985. 7 Facilities selected for emission testing were 
representative of hard chromium electroplating operations 
based on the size of the plating tanks, the types of parts 
plated, and the plating bath operating parameters. 
According to the Electroplating Engineers Handbook, 4th 
edition ( 1984) 22 the rate of gas formation is a function of the 
chemical or electrochemical activity in the tank and increases 
with the amount of work in the tank, the strength and 
temperature of the solution, and the current densities in 
plating tanks. The EPA chromium emissions document7 reports 
several factors that cause the variability in the emissions 
data. These factors are: 
1. Electrical current density applied; 
2. Surface area of the part plated; 
3. Plate thickness; 
4. Plating time; 
5. Type of parts plated; 
6. The orientation of the parts within the tank; 
7. The chromic acid concentration; and 
8. The surface tension of the plating bath. 
The first four factors are interrelated and are the same 
as those appearing in equation 11 for the electrochemical 
equivalent of chromium. The type of part plated affects 
emissions because of its shape. To plate a given minimum 
thickness on a part with a smooth surface will require less 
current than on a similar part with the same surface area and 
18 
a rough surface since current densities and thus plating 
thicknesses vary on the rough surface. 
The orientation of the part within the tank also affects 
the amount of emissions. According to the EPA emissions 
report, a part plated in a shallow horizontal tank should emit 
more than the same part plated in a deep vertical tank. In a 
shallow tank, the hydrogen gas is evolved closer to the 
surface of the solution and the agitation effect is much 
greater than with the hydrogen gas generated in a deeper 
tank. 7 It is the view of this author, however, that a deeper 
tank, because it contains a greater mass of liquid being 
exposed to current energy and agitation affects, could 
generate more emissions. More research is needed to clarify 
this phenomenon. The chromic acid concentration affects 
emissions generation because a greater mass of chromium is 
emitted when a mist droplet of a given size is formed at the 
bath surface. 
The surface tension of the plating solution is another 
factor that affects the emissions. Common hexavalent chromium 
plating baths have a surface tension of 70 dynesjcm. However, 
chemical fume suppressants can be added which reduce this 
surface tension and minimize the bursting of gas bubbles, thus 
reducing misting at the bath surface. Floating polypropylene 
balls are often used in plating baths to reduce evaporation 
and to inhibit misting. 6, 7 
19 
Mechanical agitators or compressed air supplied through 
pipes on the tank bottom may be used to provide uniform bath 
temperature -·ana· composition. This in turn may enhance 
conditions for emission of chromic acid mist at the plating 
bath surface. 
The types of parts that were plated at the selected hard 
chromium facilities during testing were typical hard chromium 
plated parts such as industrial rolls, hydraulic cylinders, 
and crankshafts. Appendix A presents a summary of the 
relevant parameters moni tared at these facilities. 
detailed monitoring data can be found in EPA (1990). 7 
Emissions and Local Ventilation Systems 
More 
Local exhaust ventilation is the most common method used 
to capture chromic acid mist from chromium plating baths. 
_. 
General ventilation, the exhausting of large volumes of air 
from a building or room, is not used by itself because of the 
toxicity of chromic acid; there is a need to remove 
contaminated air that would accumulate close to the source. 
Make-up air is air that enters the workroom to replace 
air exhausted through the ventilation system. A ventilation 
system will not work properly if there is not enough air in 
the room to exhaust.n In fact, a primary cause of higher 
background concentrations of cr•6 mists and other pollutants 
in plating shops is insufficient make-up air because of closed 
doors and windows. 6 
20 
Local exhaust ventilation equipment typically used to 
capture chromic acid mist from chromium plating includes 
lateral (slot)-- and push-pull exhaust hoods. Canopy hoods and 
enclosures are normally not used because they restrict access 
to the plating tank. Minimum capture velocity, the velocity 
required to overcome opposing air currents and cause the 
contaminated air to flow into the hood, must be at least 46 
mjmin (150 ftjmin) for contaminants with a high hazard 
potential and a high rate of mist evolution and evaporation 
such as chromic acid. 23 , 24 , 25 Baffles may need to be installed 
to mitigate the effects of room air cross drafts. 7 
Lateral exhaust systems typically applied to control 
chromic acid mist from open-surface tanks include both single-
and double-sided slot hoods6' 7 (Figures 4 and 5), although 
ventilation on three and four sides is reported in NIOSH 
(1984) . 6 The slot velocity affects the uniformity of airflow 
distribution along the length of the hood. A higher slot 
velocity does not significantly increase the reach of the 
hood, however. 23 Single-sided hoods have a maximum reach 
across the width of the tank of about 76 em (30 in). Slots 
along opposite edges of the tank increase the allowable tank 
width to about 152 em (2 x 30 in. reach}. Above about 107 em 
(42 in), push-pull systems (Figure 6) may be needed to keep 
fan size and power costs within acceptable limits. Push-pull 
systems provide about the same ventilation efficiency as 
lateral systems and use only about half the volume of air. 25 
21 
r 30" Max 
~__,. 
I 
"' ,j 
..... "' ,.., 
...... _....,..., 
'- - L. 
Figure 4. Example of a Single-Sided Lateral Exhaust Hood. 
Source: Reference 7 
Figure 5. Example of a Double-Sided Lateral Exhaust Hood. 
Source: Reference 7 
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Figure 6. Diagram of a Push-Pull Ventilation System. 
Source: Reference 7 
High air velocities around a hood opening may cause 
excessive loss of solvents, powders or other materials into 
the ventilation system. However, above a certain capture 
velocity (depending on hood type and size) additional 
increases result in little or perhaps no improvement in 
capture efficiency. At this optimum velocity the hood is 
controlling about all it will control; random air currents or 
other factors allow some of the contaminants to escape as 
fugitive emissions.n 
According to NIOSH (1984), 6 ventilation rate, which is 
the ratio of the local exhaust volumetric flow rate to the 
surface area of the tank, is a major factor affecting the 
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airborne concentrations of chromium and sulfuric acid. If the 
mist is not captured, it may fall back into the tank or it may 
escape as fugitive emissions. The 1984 NIOSH report confirms 
this effect by showing that as ventilation rate increases, 
there is a tendency for fugitive chromium emissions to be 
reduced. The design ventilation rate for a particular tank is 
based on the hood type, the capture velocity selected, and on 
the aspect (width-to-length) ratio of the tank. 7 
Since chromium mists emanate from the bath surface, it 
follows that a tank with a larger exposed surface area 
generates more emissions. 6•7 Also, if the freeboard on the 
tank is large, chromium mists may fall back into the plating 
bath without reaching high enough into the ventilation air 
stream ~o be captured. More research is needed to study the 
effects of these two parameters. 
The sample location in the duct will also affect the 
quantity of emissions measured because the chromic acid mist 
may impinge on the duct walls and may reduce the concentration 
of chromium measured. For example, if a plating tank was 
tested with sample locations directly following the hood and 
15 meters downstream of the hood, the emissions measured at 
the hood might be higher than those measured 15 meters 
downstream. 7 
Emission Factor Development 
The variability in the emission data for hard chrome 
plating is a direct measure of the variability in the factors 
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discussed above. As shown in part in appendix A, the current, 
val tage, ventilation rate, type and surface area of parts 
plated, physica~ tank parameters, and location of the sample 
varied from plant to plant because of difference in the 
process operation and the layout of the plant. However, there 
is less variability in the data among individual test runs at 
a given facility because the factors that effect emissions are 
fairly constant. 
For the purposes our research, the uncontrolled emissions 
data from the previously cited EPA studies were used to 
develop correlations between emissions and specific process 
characteristics (e.g., ampere-hours, plated part surface 
area) . Although the EPA had performed a similar evaluation of 
the data, it was our hope to learn about fugitive releases 
through the analysis of uncontrolled stack emissions, since 
the two are closely related. 
Based on the existing data, correlation analyses and 
engineering judgement were used by the EPA to develop an 
emission factor of about 5 to 15 mg cr+6 ;ampere-hour ( 10 mg 
cr+6;ampere-hour average) for uncontrolled stack emissions from 
a hard chromium electroplating operation. 7 An earlier EPA 
study {1984) 26 reports an emission factor for similar 
hexavalent chromium releases as 24.5 to 132 mg cr+6/hr. sq. ft. 
tank area. 
The 1984 NIOSH study6 did not provide fugitive emission 
factors for hexavalent chromium; however, the study indicated 
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that for four plating shops with good local and general 
ventilation systems along with sufficient make-up air, the 
background-- concentrations of cr•6 were very low - from 1 to 2 
~gjscm (micrograms per standard cubic meter). Higher local 
concentrations of cr•6 , ranging from 8 to 180 ~gjscm, were 
measured in the immediate vicinity of the plating tanks. 
Sampling and Analytical Reference Methods 
Source Test Procedures 
Samples to be analyzed for hexavalent chromium emissions 
are typically obtained using a modified · EPA Method 5 
isokinetic sampling train, also referred to as a Modified 
Method 13-B27 (MM 13-B) sampling train in test reports. 
Isokinetic sampling refers to the sampling of particulates 
using an L-shaped hollow probe which points directly into a 
flowing exhaust stream: the / air sampling velocity at the 
probe inlet should be the same as the velocity at each 
selected point in the exhaust stream so that particulates are 
representatively sampled. The only modification to the Method 
5 sample collection train was the elimination of the filter 
and the replacement of H20 in the impingers with 0.1 Normal 
sodium hydroxide to stabilize chromic acid mists. EPA Method 
5, which also requires the use of Methods 1 through 4, 28 
provides detailed procedures, equipment criteria, and other 
considerations necessary to obtain accurate and representative 
emission samples. 
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EPA Reference Method 1 "Sample and Velocity Traverses for 
stationary Sources" was used to select representative 
measurement-- - ·sites on the stacks; Reference Method 2 
"Determination of stack gas velocity and volumetric flow rate" 
was used to determine ventilation air velocity and volumetric 
flow rates so that mass emission rates of cr•6 could be found; 
Reference Method 3 "Gas analysis for carbon dioxide, excess 
air, and dry molecular weight" was needed to determine the 
ventilation air density; Reference Method 4 "Determination of 
moisture content in stack gases" was used to determine the 
percent of moisture in the ventilation air. 
Sample Analysis 
Chemical analysis methods for hexavalent chromium 
concentrations include the diphenylcarbazide colorimetric and 
ion chromatography procedures. Analytical methods for 
hexavalent chromium concentrations in airborne particulate 
samples was reported in Bhargava et al. (1983) 29 which states 
that the colorimetric method is an accurate means of measuring 
hexavalent chromium concentrations in aqueous solutions down 
to approximately o. 5 J,.Lg of cr•6 • 
After collection, all of the stack and fugitive emission 
samples were analyzed for hexavalent chromium using t he 
procedures outlined in Modified Method 13-B. 27 This method 
reports a minimum detection limit of 1 J,.Lg cr•6/100 mL aqueous 
solution and is similar to NIOSH Method 7600 (1989) 30 and the 
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American Public Health Association (APHA) Standard Methods 
Method 3500-Cr D (1991) . 31 In these methods, the solution 
forms a cro4:-
2
-diphenylcarbazide complex which has a pink color 
and is detected using visible absorption spectrophotometry at 
a wavelength of 540 nm. 30 Details of the sampling analysis and 
protocol are discussed in chapter 4. 
CHAPTER III 
EXPERIMENTAL DESIGN - FUGITIVE EMISSIONS 
Sampling Device 
Indoor ambient air sampling for the two sites occurred 
simultaneously using the five fugitive air sampling devices 
constructed at UCF for this project. This sampling train was 
based on a simplified and low cost alternative to the MM 13-B 
sampling train entitled EMTIC-CTM-00632 (EMTIC) and was 
developed by the Emission Measurement Branch of the EPA. 
While the standard isokinetic train (MM 13-B) samples in the 
stack by varying the sample rate at each point, the simplified 
EMTIC train samples at a constant rate, but the sampling time 
is varied in order to obtain a proportional sample. Sampling 
for fugitive air does not require variations in sampling time 
since the aniliient air is assumed stationary. 
The EMTIC Method applies to the determination of cr+6 in 
stack emissions from chromium electroplaters and anodizing 
operations using a chromic acid bath. For our purposes, this 
method was modified to sample for fugitive emissions in the 
indoor ambient air of hard chrome plating shops. 
In the original EMTIC Method, chromium emissions from a 
stack are collected via a sampling probe into a one-quart 
glass impinger at a constant sampling rate determined by a 
critical orifice. This impinger contains 250 mL of a 0.1 N 
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sodium hydroxide buffer solution to collect and stabilize the 
cr+6 that is collected. A second impinger in series is filled 
with a silica -gel desiccant to capture any moisture prior to 
the air entering the dry gas meter. 
Telephone conversations with Mr. Frank Clay33 of the EPA 
Emissions Measurement Branch provided useful insight in making 
modifications to the EMTIC sampling train for our purposes. 
Figure 7 shows a schematic of the sampling train for fugitive 
emissions. 
The following modifications were made from the original 
EMTIC design: 
1. No stack sampling probe was needed; instead, the 
sampling inlet was made of a vertical length of 1/4" teflon 
tubing fixed at 52" from the ground and attached at the top 
with two 90 degree bend polyethylene elbows making an inverted 
"U". This height was chosen to approximate the average 
breathing height of a person standing near the tank. The 
inverted "U" at the inlet was intended to prevent splashes of 
chromic acid from a plating tank from entering the air 
sampling stream and biasing the results. 
2. Rather than only one impinger, two were used with 0.1 
N sodium hydroxide buffer solution in series, to ensure a high 
collection efficiency of cr+6 mist. The combined contents of 
both one quart glass impingers would increase collection 
efficiency to allow near total capture of chromium during 
sampling. 
Connector 
t0.1 N NaOHj 
Glass lmpingers 
Thermometer 
1' 
Silica Gel 
Figure 7. Fugitive Sampling Train Schematic. 
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3. The dry gas meter was placed upstream of the pump, 
between the glass impinger containing the silica gel and the 
critical ori£ice (see Figure 7), to prevent oil in the pump 
air exhaust from fouling the dry gas meter. In the original 
EMTIC method, the dry gas meter was placed last in the 
sampling train so that it would be exposed to near atmospheric 
conditions. 
4. Since the dry gas meter was no longer exposed to 
ambient air, a temperature gauge and pressure gauge were 
placed at the meter inlet and outlet, respectively. Using 
data from these gauges, adjustments could be made to determine 
actual air flowrates. 
5. No ice bath was used to cool the impingers and 
condense moisture since collection air temperature was equal 
to ambient temperature and no condensation was expected. 
Sling psychrometers were used to measure ambient air relative 
humidity. The silica gel dessicant in the last impinger 
served to dry the sample air and protect the dry gas meter and 
the pump. 
6. The critical orifice consisted of a Gelman filter 
holder in anticipation of using the holder to encase a metal 
or plastic plate with the appropriate size hole drilled to 
obtain the desired sampling flow rate. It was determined, 
however, that the inlet diameter of the filter holder (1/16") 
provided a desirable flow rate of about 0. 67 acfm (actual 
cubic feet per minute) . This was comparable to the flow rate 
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of 0.75 acfm used in the original EMTIC method. since a large 
pressure drop occurs across a critical orifice, it was placed 
downstream r-atrrer than upstream of the dry gas meter. This 
kept pressures in the dry gas meter closer to ambient, making 
leakage less likely, and minimized the chance of damaging the 
meter. 
7. A detachable polyethylene tubing connector was placed 
between the first and second sample collection impingers. 
This was done so that the tubing between the two impingers 
could be more easily rinsed during sample recovery. 
8. In addition to the fiberglass resin used by in the 
EMTIC design, 1/4" inner diameter polyethylene bulkhead 
fittings were attached to the impinger lids and sealed with 
silicone adhesive sealant. 
9. Polyethylene gas dispersion tubes were used in the 
first two impingers to properly diffuse the sampled air into 
the alkaline buffer solution. A diffuser tube was also used 
at the outlet of the silica gel impinger to prevent any silica 
gel particulates from entering and fouling the dry gas meter. 
10. Various types and sizes of tubing were used in the 
sampling train based on connection size requirements, 
reactivity with chromic acid, and ability to operate under 
negative gage pressures. As previously discussed, the inlet 
sampling tube was a long piece of 1/4" inner diameter (ID), 
5/16" outer diameter (OD) teflon tubing. This same tubing was 
used for all connections on the downstream side of the dry gas 
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meter. Between the first and second impinger, a short piece 
of 3/16" ID, 1/4" OD Tygon tubing was used. A long piece of 
1/4" OD, 1/8u-· ID Silicon tubing was used between the second 
and third impingers. None of these tubing types is known to 
be reactive with chromic acid or alkaline solutions. 
The components of the train were available commercially 
but some fabrication was required. Ambient air was drawn 
through the sampling train using 1/4 horsepower vacuum pumps. 
Five sampling devices were designed so that there could be 
four devices capable of continuous operation with one more as 
a spare. An inventory of the major equipment and parts used 
for construction of each sampling device and any support 
equipment used for measurement and analysis is shown below: 
1. GAST Fiber Vane Mechanical Pump (1) 
Model 0522-V73-G18DX 
Capable of delivery of 0.8 acfm 
at 21 inches of Hg 
2. Dry Gas Meter (1) 
Rockwell International 
Model S-200, with #83 Index 
Accuracy: 1% 
Calibrated to 0.1 acfmjrevolution 
3. Critical Orifice (1) 
Gelman Filter Holder 
Model 4320 
4. Gas Diffusers (3) 
Fritware Gas Dispersion Tubes 
Bel Art Model F13691 
Linear Polyethylene bell-mouthed fitting 
70 J..£m porosity 
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5. Temperature Gage (1) 
Tel-Tru Model LN-250 
Range: 25 F to 125 F 
one degree increments 
6. Pressure Gage (1) 
Dwyer Magnehelic Model 2150 
Range: 0 to 150 inches H20 vacuum 5 inches H20 increments 
7. Teflon, Silicone, and Tygon Tubing 
Various Inside and Outside Diameters 
1/8" to 5/16" 
8. Impingers (3) 
Glass, one quart capacity 
The following additional support equipment was used: 
1. Wet Test Meter (1) 
GCA Precision Scientific 
Catalog Number 63126 
Accuracy: 1/2% 
Capacity of 3 Liters per revolution, 5 to 7 
revolutions per minute. 
2. Bacharach Sling Psychrometers (3) 
Model 12-0275 
3. Spectrophotometers (2) 
Spectronic 20 
Milton Roy Company, Cat # 33-31-72 
Accuracy: 1-2% 
Wavelength 540 nm 
4. pH meters (2) 
Accumet Model 900 
Accuracy: +/- 0.1 pH units 
5. Rotating Vane Anemometer (1) 
Ametek Model 1717 
Accuracy: 10-15% 
A sturdy wood support housing made of pine 2 x 4's, 2 x 
2 's and 2 1/2" wood screws was designed to be compact and 
portable to accommodate the needs of the project. Figure 8 
shows a photograph of one of the five sampling trains 
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constructed at the University of Central Florida Department of 
Civil and Environmental Engineering. 
Figure 8. Photograph of Fugitive Air Sampling Train. 
Fugitive Sampling Device Calibration 
Ambient air flow rate was determined in the field with 
Rockwell S-200 dry gas meters (DGM) in accordance with the MM 
13-B method. These were calibrated in the UCF Environmental 
Engineering laboratory prior to field use with a GCA Precision 
Scientific wet test meter (WTM) in accordance with EPA 
Reference Method 5 1 Part 5.3. 27 In accordance with EPA Method 
5 1 section 4. 1. 4 1 27 when the sampling train was placed under 
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a vacuum and sealed, with the pump off, monitoring of the 
pressure gauge indicated that this provided for a leak-tight 
system. 
Fugitive Air Sampling Duration 
Prior to the start of the sampling, it was not known what 
kinds of concentrations of cr•6 were to be expected in the 
ambient air. Based on the TRI data of 1988, 18 as much as 40% 
of total cr•6 emissions was reported as fugitives (see Table 
1), although this was probably an overestimate. For our 
purposes, an initial estimate was made that between 1% and 10% 
of total emissions were fugitives. Detection of cr•6 using the 
diphenylcarbazide colorimetric method is known to be linear up 
to 1. o mg cr•6;L. 26 •30 •31 Any greater concentration can be 
diluted to a concentration in this linear range; thus, a 
desirable lower limit on cr•6 in the sample is in the middle 
of this range, or 0.5 mg cr•6;L, and a good upper limit is at 
the top of this range, or 1. 0 mg cr•6;L. 
In order to estimate the duration of ambient air sampling 
required to capture a measurable quantity of cr+6 , a 
ventilation model for a fictitious plating shop was devised. 
Representative emissions and ventilation data for the model is 
taken from an EPA test report at a chromium plating facility 
(reference 13). A simplified layout of this plating shop is 
presented in Figure 9. 
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Given: Typical Stack flow rate -
Approximate uncontrolled 
cr•6 mass emissions rate -
7530 actual m3jhr 
0.1 kgjhr 
The following simplifying assumptions were also made: 
1. All fugitive emissions were assumed to be completely 
mixed throughout the plating room due to room air circulation. 
2. Approximately 15 room air changes occur per hour 
(ach; an air change is a complete replenishment of one volume 
of room air) . This value is based on data obtained for a 
typical laboratory-type environment. 34 
3. All of the cr•6 collected in the sampling train is 
captured in the first 250 mL glass impinger. 
4. The fugitive air sampling flow rate is 0.67 acfm 
(.019 acmm) based on the critical orifice constraint 
previously discussed. 
If a maximum of 10% of the total cr•6 emissions are 
fugitive and a detection limit of 0.5 mg cr•6;L is assumed in 
the first impinger, calculations show that only about 8 
minutes of sampling would be required under these unlikely 
conditions (see calculations in appendix B). At the other 
extreme, however, if only 1% of the total cr•6 emissions are 
fugitives and it is desired to capture up to 1.0 mg cr~/L in 
the first impinger, a sampling duration of about 3 hours is 
required (see calculations in appendix B). Based on this 
analysis and on a pilot test of the equipment at a local hard 
chromium plating facility, a sampling duration between 2 and 
4 hours was chosen as optimum. This sample duration also 
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facilitated coordination of fugitive sampling with stack 
sampling events, since stack sampling was accomplished 
concurrently; -
/ 
CHAPTER IV 
EXPERIMENTAL METHODOLOGY 
Sampling Site Selection 
Criteria used in determining a desirable site for 
sampling included the following: 
1. Consistent production level for a hard chrome process; 
2. Dedicated ventilation system to permit access to duct 
work for valid stack sampling effort (with minimal 
interference from other processes); 
3. Reasonable physical isolation of chrome process from 
other manufacturing operations to minimize room 
ventilation not associated with chrome emissions, thus 
increasing sensitivity of the sampling effort; 
4. Availability of records to assist with room 
ventilation rate determination (for example, 
specifications for ventilation equipment) ; and, 
. 5. Availability of records to assist with correlation of 
emissions with process factors. 
Sampling Criteria 
To quantify the mass rate qf cr+6 emissions from a plating 
tank requires information on the chromic acid mist 
concentration in the air as well as knowledge of volumetric 
air flow rates (i.e., room air flow rates and stack 
flowrates) . Measurements of the following items were 
required: 
* Chemical Information (Cr+6 concentration of air mists) 
* Process Information (Room air ventilation rate, stack 
air flow rate, air temperatures, air relat i ve 
humidity) 
40 
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To help determine stack and fugitive air cr•6 emission 
factors at our sampling sites, additional items were measured: 
* Chemical Information (cr•6 concentration in plating 
bath) 
* Process Information (number of tanks, tank dimensions, 
volume of liquid in tank, freeboard, hexavalent 
chromium concentration in bath, bath temperature, 
agitation intensity and method, use of mist 
inhibitors, cover type (if used), plating energy 
(ampere-hours), current density, plated part type, 
production rates, and plated part surface area) 
* Emissions Information (Type of exhaust hood, area of 
exhaust hood slot, and duration of test run) 
Sampling periods were selected to coincide with two 
operating modes: full production and idle or standby 
conditions. Emphasis was directed to sampling activity during 
pro·duction periods. Stack sampling was limited to production 
periods. In order to allow development of steady-state air 
emissions, sampling was postponed, when possible, until a 
period of one hour had elapsed after commencement of 
operation. 
Stack sampling was performed via subcontract to an 
experienced contractor and performed in accordance with EPA 
Reference Methods 1 through 5.~ The stack sample probes were 
washed into the sample containers for complete recovery of 
chromium mists. The collected samples were then transferred 
to the UCF project team in the field for on-site chromium 
analysis. Room air flowrates were made by partitioning the 
doorways and windows of the rooms into imaginary sectors 
according to the size of the opening. An Ametek rotating vane 
anemometer was placed at the approximate center of each sector 
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to measure the air velocity and direction. The velocity 
measurements were highly variable, so a visual average was 
made of the met~r reading after 10-20 seconds at each point. 
A total average airflow was then calculated for each room 
opening (see appendix C). 
Laboratory Analysis 
Hexavalent chromium was analyzed in accordance with MM 
13-B and Standard Methods Method 3500-Cr 0 31 as previously 
discussed. A Bausch and Lomb Spectronic 20 Spectrophotometer 
was used with a wavelength of 540 nm for hexavalent chromium 
analysis. The cr+6 ions captured in the alkaline scrubber 
solution were complexed with diphenylcarbazide solution. A 
colorimetric procedure was performed in the field within 24 
hours of sample collection. The following standard 
-' 
concentrations were used: 0.00 (field blank), 
Q • 10 I 0 • 2 0 I 0 • 4 0 I 0 • 60 I 0 • 8 0 I and 1. 00 • The linear region 
extended through 1. oo mg/L cr+6 and almost the entire curve was 
usable in the analytical procedure. An example of the data 
obtained from this procedure is shown in Table 3, and a 
standard curve for this data is shown in Figure 10. 
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TABLE 3 
DIPHENYLCARBAZIDE COLORIMETRIC STANDARD CURVE 
DATA FOR UCF PLANT ONE 
Cr+6 CONCENTRATION SPECTROPHOTOMETER 
(mg/L) ABSORBANCE 
0.00 -.003 
0.10 0.103 
0.20 0.236 
0.40 0.480 
0.60 0.680 
0.80 0.925 
1. a·o 1.120 
0+-------------------~------~--------~---------r------~ 
0 0.2 0.4 0.6 0.8 1 1. 2 
Cr+6 concentration (mg/L) 
Figure 10. Sample of Diphenlylcarbazide Colorimetric Standard 
Curve for UCF Plant One. 
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Analysis of chromium by the colorimetric method requires 
adjustment of the pH to 1. 0 +I- 0. 3 standard units. This 
range was found- to be of critical importance for proper color 
development. An Accumet Model 900 pH meter was used for pH 
measurement and was calibrated hourly with a pH = 4 and a pH 
= 7 buffer solution. 
Samples were stored and transported in plastic containers 
which were thoroughly cleaned in nitric acid and rinsed with 
distilled water before use. Samples were preserved with a 
sulfuric acid solution. 
Quality Assurance and Quality Control 
Quality Control Checks 
Quality Assurance (QA) and Quality Control (QC) 
guidelines were developed to verify the accuracy of the 
laboratory analysis. The QA/QC plan and equations for 
accuracy and precision were prepared in accordance with the 
EPA "Pocket Guide for the Preparation of Quality Assurance 
Plans. 1135 The analytical program included the following 
quality control checks: 
1. Duplicate analyses of a single primary sample: The 
duplicates were used to assess precision and were 
performed with a random frequency of one in ten 
primary samples. (A primary sample is an actual field 
sample, not taken solely for QA/QC purposes); 
2. Spiked primary matrix samples: The spikes were used 
for determination of percent recovery to assess 
accuracy. The spikes were prepared by addition of a 
known mass of standard (potassium dichromate) to a 
primary sample. Spikes were prepared with a random 
frequency of one in twenty samples; 
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3. Field blanks: Field blanks were analyzed to indicate 
possible contamination of reagents, sample containers, 
or sampling equipment. Field blanks were prepared by 
passing sodium hydroxide scrubber solution through the 
fugit-iv-e- sampling equipment. Field blanks were 
analyzed once for each sampling device per site; and 
4. Check Standards: Check standards prepared from a 
standard potassium dichromate solution were performed 
at a level equal to the mid-range of the standard 
curve ( o. 5 mg/L as cr+6 } • The frequency of check 
standard analyses was once per day and the check 
standard was the final sample analyzed each day. 
Check samples were prepared in a distilled water 
matrix. 
Method Detection Limits 
The method detection limit (MDL) describes the analytical 
limit of detection capable for a given laboratory analysis 
technique. The MDL for hexavalent chromium was determined as 
follows. A group of replicates (n=24) of a diluted plating 
bath was completed and summarized in appendix D. The 
analytical standard deviation for this population equals 
o. 00654 mgjL. The method detection limit is defined as 
follows: 
MDL = ( t ( n -1 , 1 -« =0. 99) } ( S ) (12) 
where 
MDL = method detection limit 
s = standard deviation of the replicate analysis 
t = students' t-value for a one-sided 99% 
<n-
1
'
1
-a=0. 99> confidence level and a standard deviation 
estimate with n-1 degrees of freedom. 
For this population, the degrees of freedom (df) 
associated with the estimate of standard deviation is 23 (df 
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= n-1) . From standard tables the appropriate t-statistic for 
23 degrees of freedom equals 2.500. The corresponding method 
detection . limit- equals 0.016 mg cr•6;L. 
The fugitive air sampling system was designed to achieve 
a liquid phase concentration of cr•6 in the scrubber solution 
of 0.5 to 1.0 mgjL, well in excess of the 0.016 mgjL method 
detection limit. As seen in appendix E, nearly all fugitive 
samples did not register a reading on the spectrophotometer 
and were thus categorized as being below this method detection 
limit. 
For the fugitive samples, the scrubber solution in each 
of the two glass impingers was diluted up to 500 mL for 
analysis and sample preservation; therefore, assuming cr•6 was 
present. up to the method detection limit, the maximum mass of 
cr•6 captured in each of the two impingers would be 0.008 mg, 
/ 
for a maximum total of 0. 016 mg cr•6 captured. 
Detection limits for the air phase concentration are 
based on the amount of ambient air drawn through the sampling 
device. Since the air volume bubbled through the ambient 
samplers ranged from about 70 to 190 scf (2 to 5.4 scm), this 
calculates to 0.016 mg cr•6/(2 to 5.4 scm) or between 3 and 8 
JJg cr•6;scm for the detectable air phase concentration. 
Average detectable air phase concentrations were calculated at 
< 4 JJg cr•6;scm for plant one, and < 6 JJg cr•6;scm for plant 
two (see appendix E). 
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Control Chart Development 
QA/QC criteria were expressed in the form of control 
ranges for both -precision and accuracy. The control ranges 
for precision were based on the standard deviation of the 
relative percent difference (RPD) of a series of duplicate 
samples while those for accuracy were developed from the 
standard deviation of spiked recoveries. All control criteria 
were developed at UCF Plant One prior to sample analysis. 
Precision controls were developed from EPA upper warning 
limit (UWL) and upper control limit (UCL) guidelines with 
Shewart factors equal to 2. 51 and 3. 27 times the expected 
value (average) of the RPD, respectively. 36 The equation used 
to determine the RPD for duplicates of diluted plating bath 
concentrations is as follows: 
where 
( C1 - C2 ) X 1 0 0% RPD = ·· (C1 + C2)/2 
RPD = relative percent difference 
c1 = larger of the two observed values 
c2 = smaller of the two observed values 
(13) 
The hexavalent chromium control charts for precision were 
based on the standard deviation of the RPD of 12 duplicate 
samples obtained from site chromium plating bath solution and 
diluted to a factor of 1/500,000. The upper warning and upper 
control limit for RPD for a duplicate was defined as follows: 
UWL - 2.51 X R - 3.553 X s 
UCL- 3.27 X R- 4.620 X s 
(14) 
(15) 
where 
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UWL = upper warning limit for a duplicate RPD 
UCL = upper control limit for a duplicate RPD 
R = expected value of duplicate RPD 
s = standard deviation of duplicate RPD 
2.51 - Shewart factor for an upper warning limit 
3.27 = Shewart factor for an upper control limit 
The accuracy control charts for hexavalent chromium were 
developed from a series of spikes ( 12 replicates) into a 
primary sample matrix for a 0.25 mg/L increase. For analysis 
of matrix spikes, the percent recovery is calculated as 
follows: 
(16) 
where 
·%R = percent recovery 
VOLs~= volume of the spiked matrix sample 
C~= measured concentration of spiked matrix 
Vo~= volume of the aliquot which was spiked 
Cm= measured concentration in the un-spiked aliquot 
VOLsp= volume of spike added to aliquot 
C~= actual concentration of spike added 
The expected value (average percent recovery) was 
determined to be 104.5% with a standard deviation of 2.9%. 
The upper and lower warning and control limits were determined 
as follows: 
UWL 
-
p + 2 X S (17) 
UCL - p + 3 X S (18) 
LWL - p - 2 X S (19) 
LCL - p - 3 X S ( 20) 
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where 
UWL - upper warning limit for percent recovery 
UCL - upper control limit for percent recovery 
LWL - lower warning limit for percent recovery 
LCL - lower control limit for percent recovery 
p 
-
average percent recovery 
s - standard deviation for percent recovery 
Table 4 is a summary of the QA/QC criteria used. Any of 
the QA/QC samples that violated the UCL for precision or the 
UCL or LCL for accuracy would indicate an out of control 
situation and the analytical data would be suspect. 
TABLE 4 
QUALITY ASSURANCE AND QUALITY CONTROL 
DATA SUMMARY FOR HEXAVALENT CHROMIUM 
PRECISION FOR ACCURACY FOR 
LIMIT DUPLICATE RPD SPIKE PERCENT 
(%) RECOVERY 
(%) 
LCL N/A 95.8 
LWL N/A / 98.7 
UWL 10.72 110.3 
UCL 13.96 113.2 
Control violations are defined as follows: 
1. Violation of the upper control limit, or 
2. Two successive points above the upper warning limit, 
or 
3. Bias, defined as seven consecutive points above the 
mean percent recovery (or seven consecutive points 
below the mean recovery). 
For analysis of check standards, the percent recovery was 
calculated as follows: 
%R ( 21) 
where 
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%R = percent recovery 
C= measured concentration of check standard 
m t • c = actual concen rat1on of check standard 
srm 
The analytical performance is summarized in appendix o 
for precision, accuracy, and contamination (field blanks). 
All analyses for accuracy and precision were within control 
limits. All field blanks were less than the method detection 
limit, with the exception of one blank for the stack sampling 
apparatus (see Table D.6). In this case, the sample 
concentration exceeded the MDL by 10%. Subsequent sample 
collection with the stack sampling apparatus was preceded by 
more exhaustive cleaning of the apparatus. 
CHAPTER V 
STACK AND FUGITIVE EMISSIONS RESULTS 
Introduction 
This chapter discusses the sampling for fugitive cr+6 as 
well as the results of measurement of room air ventilation 
rates at the two field sites. Two hard chrome plating 
facilities were chosen for purposes of field sampling 
activity. These facilities process large chromium rolls and 
aircraft engine parts, respectively. Two days of sampling 
were performed at each facility, and two test runs were 
completed each day. 
Field Sampling 
Plant One 
/ 
The facility at this site processes large industrial 
rolls. A diagram of the plating shop layout is shown in 
Figure 11. Plating activity occurred in only two of three 
chromic acid tanks (tanks A and B), although all three tanks 
were still heated and ventilated. Ventilation of tank A 
occurred by use of a duct system which was routed to a single 
outlet stack connected to a control device. This stack was 
sampled for cr+6 emissions prior reaching to the control 
device. Tanks B and c were not covered and were vented to a 
separated stack. Tank A was covered by a steel plate except 
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for 3 circular openings and one rectangular opening. on both 
sampling days, two cylinders were being plated in two of the 
circular openings. The tank was vented along three sides, but 
because of the tank cover, air could only enter the airspace 
above the liquid through the four openings described. 
A rotating vane anemometer was used to determine airflow 
directions and velocities at windows, doors and other 
locations. Arrows showing the general directions of airflows 
are shown in Figure 11. While most openings have air flowing 
in one direction, a circulation pattern was observed between 
the middle and the back room with a net exchange of little or 
no air. Locations of fugitive air samplers, also shown in 
Figure 11, were as follows: Sampler 1 - upwind edge of tank 
A; Sampler 2 - adjacent to tank A near normal worker access; 
.Sampler 3 - (day 1) near open window across room from tank A, 
and (day 2) probe was taped to the back of the exhaust duct on 
tank A; Sampler 4 - not used; and Sampler 5 - in front room, 
upwind from tank A, but downwind of tank B. All sampler probe 
heights were 52" off the floor except for sampler 3 (day 1) 
which was 90" high (near the window). 
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Figure 11. Room Geometry and Air Sampler Locations at Plant One. 
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Tank B was inactive during the first day of sampling and 
for most of the second day; only a small portion of the west 
end of the tank -was used for plating. The tank was ventilated 
on three sides and a significant amount of mist and steam was 
observed escaping over the west end of the tank; this is the 
side which was not ventilated. A floor fan directed these 
mists to the corner of the room where sampler number 5 was 
placed. The fugitive sample for this scenario (sample F15A, 
Table E. 2) shows that a measurable quantity of cr+6 was 
captured. 
Plant Two 
The facility at the second site processed aircraft engine 
parts. Figure 12 shows a diagram of the layout of this 
plating shop. The shop had five chromium plating tanks (A, B, 
c, D, and E) near the west wall of a large room which was 
sectioned off for ventilation purposes. During normal 
operations, all plating tanks were covered with a plastic 
sheet in an effort to mitigate the effects of chromic acid 
misting. Plating shop personnel stated that ·a dark film of 
wet chromic acid mist regularly collects on the underside of 
the sheet indicating that this is an effective measure. 
Plating activity was light on the first day and tank E was not 
used. on the second day, plating activity began with light 
activity in the morning and became heavier in the afternoon. 
All tanks were used on the second day. 
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The five plating tanks were ventilated by double-sided 
lateral hoods which were routed to a single rectangular outlet 
stack; this ___ stack was sampled for cr+6 emissions prior to 
reaching an attached control device. Four samplers (numbers 
1, 2, 4, and 5) were placed next to the four active plating 
tanks and the fifth sampler (number 3) was placed away from 
the tanks for background sampling (see Figure 12). All 
sampler probe heights were 52" above the floor. On the first 
day of sampling, no measurable quantity of cr+6 was captured 
by the fugitive samplers. During plating operations on the 
afternoon of the second day, the plastic covering was removed 
from all plating tanks to assess effectiveness in reducing 
fugitive emissions. A distinct acid odor was noticed in the 
air near some of the more active tanks, and sampler number 2 
collected a small quantity of cr+6 (see sample F52A, Table 
E. 5) . Still I no other samplers collected any measurable cr+6 • 
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Figure 12. Room Geometry and Air Sampler Locations at Plant Two. 
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Air flow and velocity measurements were performed as in 
plant one. The wall to the west of the plating operations 
(dashed lil)e .. in Figure 12) did not extend to the ceiling and 
the room just to the west also had exhaust ventilation. 
However, several tests, at multiple times and locations, 
always showed this to be dead air space. Accordingly, no air 
movement between the two room was occurring. Air entering 
through the doorway on the south entrance exited either 
through the stack ventilation system in the plating area or 
through the general ventilation system in the eastern portion 
of the plating shop (not shown). 
Room Air Flow Rates 
Determination of mass emission rates of cr+6 (stack and 
fugitive) were made by multiplying the measured air 
concentrations by the measured /air flow rates. Air velocity 
measurements were conducted for doorways and windows which 
represented inlet air sources to the plating room at each of 
the two facilities we studied as previously discussed. Air 
flow rate calculations for these locations may be seen in 
appendix c. In all cases, negative pressure in the rooms 
created by exhaust fans, resulted in a net air flow entering 
the room through all windows and doors. 
Air flow rates in the plating facilities were determined 
with three separate techniques: 
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1. Estimation based on engineering specification of the 
ventilation system, not including the stack which was 
sampled; 
2. Isokinetic velocity measurements in the sampled stack; 
and,- .. -
3. Velocity measurements at windows and doors. 
Table 5 below shows results of the airflow measurements 
made at the two plants visited by our project team (see 
appendix c for air flow rate calculations). 
PLANT 
EBI 
TABLE 5 
AIR FLOW RATES AT FACILITIES 
STUDIED BY UCF 
AIR FLOW RATES (scfm) 
INPUTS OUTPUTS 
Windows/Doors Stack Ventilation 
14500 I 6100 9000 28100 13460 13350 
Total 
15100 
26810 
As shown in Table 5, it cqn be concluded that the total 
air exchange through windows and doors closely coincided with 
the total ventilation flow rate. This confirms that, allowing 
for measurement error, all air flow leaving the room was 
through the stack and ventilation system. Thus, escape of any 
cr•6 mists into the room air would either fall out in the room 
or would eventually be carried out through the stacks or room 
. ventilation system; they would not escape to the atmosphere 
directly through the windows or doors. 
59 
Cr+6 Sampling Results 
Four sampling runs were performed at each site; two on 
each of th.e .. .two days of sampling that occurred at each 
location. Based on the air flow rates provided in Table 5 and 
an assumed production schedule of 2000 hours per year for both 
plating facilities, a final summary of the average results of 
stack and fugitive emissions is provided in Table 6 below (see 
appendix E for a complete listing of these results). stack 
testing at the outlet of the APC device was performed only at 
plant two, and indicated a scrubber efficiency of about 98.4%. 
For a typical control device removing chromic acid from a 
stack, the EPA reports control efficiencies of around 99%. 7 
Calculations of exit stack emissions in Table 6 assume a 99% 
removal efficiency. 
TABLE 6 
FUGITIVE AND STACK Cr+6 EMISSIONS RESULTS 
cr+6 CONCENTRATION ANNUAL Cr+6 EMISSIONS 
(J.,£gjscm) 8 (lbjyear) 
PLANT 
Stack 
Stackb Fugitive Fugitive 
b c 
EBI 10040 I < 4 I 460 I 4.6 I < 0.5 I 414 < 6 41.7 0.42 < 1 
a . .! m1crograms per standard cub1c meter. 
~easured stack emissions prior to the control device. 
cEstimated exit stack emissions after the control device. 
Fugitive emissions were more difficult to quantify than 
stack emissions for the following reasons: 
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1. Fugitive sample results were generally below detection 
limits. This led to the use of a conservative approach in 
calculating_. _.ambient cr•6 concentrations. The subsequent 
analysis was predicated on air concentrations at the detection 
limit of 4 ~gjscm in plant one and 6 ~gjscm in plant two. It 
is believed that actual concentrations were much less than 
this limit, thus the resulting calculations would yield a 
decided overestimate of the actual result. 
2. Fugitive emissions are carried along with a portion of 
room air via the facility general ventilation system and may 
be discharged to the atmosphere through other parts of the 
plant via stacks which have no control devices. However, some 
of the cr•6 mists in the room air are eventually captured by 
the plating room local ventilation system, incorporated into 
stack emissions and captured by a control device. The 
calculations of fugitive emissions shown in Table 6 were based 
on an extremely conservative approach in which all fugitive 
emissions eventually escape to the atmosphere. Even so, for 
the purposes of completion of Form R, this worst case estimate 
of fugitive releases of cr•6 would be reported in the minimum 
category (zero to one pound per year}. 
Results from plant one indicate that exit stack emissions 
were an order of magnitude greater than fugitive emissions, 
while results from plant two show exit stack and fugitive 
emissions to be much closer in magnitude. It is important to 
point out that while plant two had a very high room air flow 
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rate (double that of plant one) , it had a smaller than average 
plating operation which yielded much less emissions. This 
means that_plant two had both a higher calculated fugitive air 
emission rate and a lower exit stack emission rate. Since 
plant one is more typical of the plating operations reviewed 
in the EPA database, it appears that exit stack emissions 
represent the majority of cr+6 emissions for reporting in Form 
R. 
The results on fugitive emissions of hexavalent chromium 
are confirmed by the 1984 NIOSH6 study previously discussed. 
In that study, background room air concentrations of cr+6 for 
shops with good local and general ventilation systems and 
sufficient make-up air were found to be between 1 and 2 
~gjscm; . in our study, plants one and two yielded conservative 
estimates of less than 4 or 6 ~gjscm for background room air 
cr+6 concentrations. Adjacent to the plating tanks, the NIOSH 
study reported between 8 and 180 ~gjscm; this somewhat 
confirms the two results where measurable quantities of cr+6 
were captured: At plant one, sample F15A, a cr+6 concentration 
of 59 ~gjscm was measured, and at plant two, sample F52A, a 
concentration of 13 ~gjscm was measured. 
CHAPTER VI 
UNCONTROLLED EMISSIONS MODELING RESULTS 
Discussion of Data Sources 
Data from the EPA tests previously cited were reviewed 
and analyzed in an effort to characterize historical stack 
emissions of cr•6 ; these data represents a detailed survey of 
eight plating facilities. In addition, two facilities were 
visited by the UCF project team to supplement this EPA data 
and to complete field measurement characterization of fugitive 
hexavalent chromium emissions. 
The variability in hexavalent chromium stack emissions 
documented in the literature may be attributed to the multi-
dimensional nature of the process. A large number of 
variables influence the amount of cr•6 released prior to 
reaching a control device. Items of information were 
extracted, if available, for each test run from the database 
for the purpose of modeling uncontrolled stack emissions. 
These items were: 
* Test Site Identification 
* Reference Document (if from EPA study) 
* Process Information (number of tanks, tank dimensions, 
volume of liquid in tank, freeboard (if available), 
hexavalent chromium tank concentration, bath 
temperature, agitation (mixing) intensity and 
method, cover type (if used) , ampere-hours, vel tage, 
plated part type, and plated part surface area) 
* Emissions Information (total mass of cr•6 emitted 
during test run, actual exhaust volumetric flow rate 
at bath surface, type of exhaust hood, area of 
exhaust hood slot, and duration of test run) 
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A complete listing of this data is shown in appendix A. 
Only hard chrome plating facilities were included in the 
database. Some of these sites tested the effects of mist 
suppressants (polypropylene balls andjor foam) on reducing 
emissions. These test runs were not included in our analysis. 
One plant in the EPA database (reference 14) used air 
agitation in the tank and one plant used baffles above the 
plating tank (reference 11). Data on freeboard and on the 
surface area of the parts plated generally were not available; 
it is suggested that these measurements be made for further 
studies of hexavalent chromium stack emissions. 
Uncontrolled Emissions Models 
The variability in emissions data for hard chromium 
plating operations is a direct result of the variability of 
these parameters. Voltages, chromic acid concentrations, bath 
temperatures and surface tensions of the plating bath did not 
vary significantly among the plating operations tested. 
However, the amount of current supplied to the plating baths 
during emissions tests varied considerably among facilities 
because of differences in the sizes and quantities of parts 
plated and the thicknesses of chromium applied. 
There were 35 valid data points from hard chromium 
facilities that the EPA studied (appendix A) and 8 data points 
from the two UCF tests, for a total of 43 points. All the 
data from one plant (reference 11) were excluded as outliers. 
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Of all the plants studied, this plant had both the highest 
ampere-hours and the highest bath volume of any plant studied, 
yet had onJ_y _  average emissions. Data from this plant appeared 
to lie well outside the normal range when compared with the 
entire database. Taken by themselves, however, the data from 
this plant were internally much more consistent (see Figure 
15). This suggests a possibility of bias in one or more 
parameters measured at this plant. 
From the data collected by the EPA and from the two sites 
visited, the following combinations provided the most 
promising statistical correlations for uncontrolled cr+6 
emission factors: 
1. Milligrams cr+6 vs ampere-hours; and 
2. Milligrams cr+6 vs ampere-hours x bath volume 
x bath area 1 slot area. 
Of all the models attempted, these two were judged better 
than all the rest. Each of these two models is described 
below. 
Model 1 
Uncontrolled emissions were shown to be directly 
correlated with ampere-hours when data from single facilities 
were used. Consideration of all the data suggested a common 
linear relationship between cr+6 emission rate and ampere-hours 
(equation 22). However, this combined model exhibits 
considerable scatter. An overall combined model including all 
observations is shown in Figure 13. 
Cr = 60960 + 6.65 x Amphr (22) 
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where 
Cr - uncontrolled emissions of hexavalent chromium 
(measured in a stack prior to the control device, 
milligrams) 
Amphr. ~~ower consumption (ampere-hours) 
Total energy input (ampere-hours) appears to be the key 
operating parameter that affects emissions at any given plant. 
This is confirmed by previous discussions. The EPA in its 
1990 Chromium Emissions report7 suggested energy input as the 
best measure of typical chromium emission rates, although 
their model was forced through the origin giving the 10 mg 
cr+6;ampere-hour emission factor previously mentioned. While 
model 1 has a non-zero y-intercept, emissions probably drop 
off greater than linearly and approach zero as current energy 
approaches zero, near shutdown conditions. 
Model 2 
,• 
In an attempt to improve upon the original ampere-hour 
model, various combinations were made of factors expected to 
affect chromium emissions generation and capture. From the 
literature and from an intuitive knowledge of the 
electroplating process, the following factors were expected to 
have a positive correlation with captured emissions: ampere-
hours, bath area, bath temperature, mass of chromium in the 
tank, plated part surface area, bath surface tension, and 
agitation intensity. An inverse relationship was expected for 
tank freeboard and bath ventilation rate. The affects of 
other factors, such as tank dimensions, type of exhaust hood, 
67 
vel tage, cover type, and type of part plated were either 
variable or not clear. Modeling efforts were limited since 
data was not~vailable for all of these factors. 
When emissions data were correlated with the product of 
ampere-hours, bath volume, bath area, and 1/(slot area), the 
following relationship was determined: 
where 
Cr - 29130 + 0.000148 x Amphr x Vol x BA 1 SLA (23) 
Cr - uncontrolled emissions of hexavalent chromium 
(measured in a stack prior to the control device, 
milligrams) 
Amphr = power consumption (ampere-hours) 
Vol = plating tank volume (Liters) 
BA = plating bath area (square meters) 
SLA = ventilation slot area (square meters) 
When plotted against this model the data show 
considerably less scatter as seen in Figure 14. 
Bath ventilation rate (BVR) was previously defined as 
actual exhaust air flow rate divided by the exposed bath 
surface area; for a given hood exhaust flow rate (Qe~), this 
parameter appears to have an inverse relationship to 
emissions. Since more emissions are generated with a larger 
bath area, emissions are greater for the smaller ventilation 
rate, although they may be captured less efficiently and 
result in more fugitive emissions (NIOSH, 1984). 6 Conversely, 
for a given exhaust flow rate, a smaller ventilation slot area 
means a higher slot velocity exists, thus creating better 
conditions for capture of mist emissions. Slot velocity may 
be calculated by dividing stack air flow rate (acmm - actual 
cubic meters per minute) by slot area (square meters). 
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It is important to note that plating bath area divided by 
ventilation slot area is the same as ventilation slot velocity 
divided bybath ventilation rate as can be seen below: 
where 
Qexh= actual ho~d exhaust fl~w rate (acmm) 
V L= slot veloc1ty (metersjm1nute) 
BVR= bath ventilation rate (acmmjm2 bath area) 
(24) 
The type of ventilation hood is an important factor since 
a slot is found on both sides of a double-sided vent system 
versus only one side for a single-sided vent system. For a 
greater slot velocity, and hence a greater drag force, a 
gre.ater amount of cr+6 emissions would be expected to be 
captured by the ventilation system. This may be because the 
lateral velocity of the air is sufficient to overcome the 
downward velocity of the mist droplet due to the force of 
gravity. 
Bath volume appears to yield a positive correlation. 
This may be indirectly related to the fact that larger parts 
are plated in larger tanks, and larger parts have a greater 
surface area to be plated, requiring more current energy and 
yielding more emissions. Current energy (ampere-hours) and 
bath volume are not, in general, directly related since small 
parts are sometimes plated in large baths. 
It is obvious that for a given chromic acid 
concentration, there is a greater mass of chromium in a larger 
volume of liquid. A greater quantity of chromium is then 
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available to be circulated in the bath and exposed to the 
applied current and plating surface, thereby increasing the 
emission rate at the bath surface. A greater chromic acid 
concentration also means more chromium is misted when hydrogen 
gas bubbles burst. Since bath cr•6 concentration does not vary 
significantly in the plants studied, only bath volume was left 
in the resulting correlation. 
Statistical Evaluation of Models 
Combinations from models 1 and 2 represent the best 
correlations found to date. Significant scatter still exists; 
however, there is less variability in the data among 
individual test runs at a given facility because the factors 
that affect emissions are fairly constant at each facility. 
For example, while data from reference 11 was discarded from 
the statistical analysis as 9utliers, Figure 15 shows that 
data from this plant were still grouped closely together. 
Best fit linear regression equations (not forced through 
the origin) were calculated for the two overall models. 
Correlation coefficients, y-intercepts, slopes, and standard 
errors for data in each model was also calculated. Table 7 
below lists the statistical parameters for each model as 
obtained from simple linear regression ~nalysis (SYSTAT37). 
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TABLE 7 
STATISTICAL PARAMETERS FOR UNCONTROLLED cr+6 
EMISSION MODELS 
I PARAMETER I MODEL 1 I MODEL 2 I 
Number of 43 43 
Observations 
Degrees of 41 41 
Freedom 
Y-Intercept 609608 291308 
Standard Error of y 723408 61120 8 
Slope 6. 65b 0. 000148c 
Standard Error of 2. sob 2. 99E-5c 
Slope 
Correlation 0.348 0.612 
Coefficient (R) 
c .! .TO Un1ts are mg Cr . 
bani ts are mg cr+6 1 ampere-hour. 
cunits are mg cr•6;ampere-hour-liters. 
A further statistical evaluation was performed in an 
.' 
attempt to determine the significance of individual terms in 
model 2. This evaluation was performed using the SYSTAT37 
software. A linear regression was performed for each of the 
individual parameters versus total cr+6 emissions; the results 
are shown in Table 8. 
I 
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TABLE 8 
LINEAR REGRESSION ANALYSIS FOR 
INDIVIDUAL MODEL PARAMETERS 
MODEL I CORRELATION COEFFICIENT (R) 
Cr = an + a 1 (AH) 0.348 
Cr = an + a 1 ( BV) 0.207 
Cr = an + a 1 (BA) 0.016 
Cr = an + a 1 ( 1/SLA) 0.265 
I 
The correlation coefficient (R) is a measure of the fit 
of the model to the data. It is clear from this analysis that 
ampere-hours is the most significant parameter when taken by 
itself as a model parameter. This agrees with the evaluation 
of model 1 done by the EPA (1990). 7 In model 2, these four 
parameters are combined as a product and yield a significant 
•' 
improvement over model 1 with an R of 0.612 versus an R of 
0.348. 
Other Model Parameters 
While the above models resulted in parameter combinations 
that gave promising correlations for uncontrolled cr+6 
emissions, other parameters gave only minor, if any, 
correlations when viewed on a scatter-plot of the data. These 
were: 
1. Surface area and type of part plated; 
2. Orientation of part within the tank; and 
3. Tank Reach. 
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1. Surface area and type of part plated - As previously 
discussed, a part with a greater surface area to be plated 
will require-· more current energy and result in greater 
emissions. This parameter, however, proves difficult to 
measure accurately and only about one-half of the plants 
studied had this data available; even some of that data was 
estimated. Also, the shape and roughness of the plated part 
affects emissions as previously discussed. These parameters 
are difficult to quantify. Further research is needed to 
determine a positive correlation for cr•6 emissions rate versus 
these parameters. 
2. Orientation - The orientation of a given plated part 
in a tank should affect the amount of emissions. According to 
the EPA {1990) 7 if the same part is plated in a shallow 
horizontal tank, more chromium will be emitted than if the 
.' 
part is plated in a deep vertical tank. In a shallow tank, 
the hydrogen gas is evolved closer to the surface of the 
solution and the agitation effect is much greater than with 
the hydrogen gas generated in a deeper tank. Emissions would 
then be proportional to the reciprocal of tank depth, although 
no positive correlation was found to support this theory. In 
fact, since emissions were found to be proportional to bath 
volume which is related to the bath surface area times the 
depth, it appears that emissions are positively correlated to 
bath depth. 
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It is clear that gas bubbles will reach an upward 
terminal velocity in a plating tank as they rise due to 
bouyapt forces, there will be a certain depth at which no 
further agitation is created by the gas bubbles themselves; 
thus placing a part below this depth should have no effect in 
decreasing agitation and therefore emissions. Currently, not 
enough information is known to clearly analyze these effects. 
3. Tank Reach - A greater tank reach may mean the 
ventilation air can reach across a greater bath surface area 
to capture more cr+6 mists. Since the maximum reach of an 
exhaust hood is only about 2 feet,~ double-sided hoods and 
push-pull hoods would be expected to capture emissions more 
efficiently than single-sided hoods. These factors all depend 
on the . design of the tank; although they probably affect 
emissions, not enough information is known to make a further 
analysis. 
CHAPTER VII 
CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
The study described in this thesis represents an updated 
assessment of airborne fugitive hexavalent chromium 
concentrations for the purpose of helping these facilities 
with the completion of the Toxic Release Inventory, Form R. 
In an effort to develop a model for emissions of cr+6 from 
hard chromium electroplating operations, EPA data were 
reviewed and a correlation for chromium emissions was reported 
versus a combination of process parameters, namely ampere-
hours, plating bath volume, plating bath area, and ventilation 
slot area. This relationship is shown below (equation 23). 
Statistical analysis confirmed that this model was a 
significant improvement over the previous EPA model. 
where 
Cr = 29130 + 0.000148 x Amphr x Vol x BA I SLA (23) 
Cr = mass emission of hexavalent chromium 
prior to control devices (milligrams) 
Amphr = power consumption (ampere-hours) 
Vol = plating tank volume (Liters) 
BA = plating bath area (square meters) 
SLA = ventilation slot area (square meters) 
Results from plant one indicate that exit stack emissions 
were an order of magnitude greater than fugitive emissions, 
while results from plant two show exit stack and fugitive 
emissions to be much closer in magnitude. Since plant one is 
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more typical of the plating operations reviewed in the EPA 
database, it is concluded that exit stack emissions represent 
the majori~y -of cr•6 emissions for reporting in Form R. 
Results from plant two also show that the inexpensive 
plastic sheets covering the tanks appear to minimize emissions 
as suggested by the employees. 
Recommendations 
Further work stemming from this research is recommended 
involving two areas: (1) a more comprehensive collection of 
data on process and ventilation parameters affecting mist cr+6 
emissions in hard chrome plating; and (2) further analysis of 
models for the prediction of stack and fugitive cr+6 emissions 
versus these parameters. 
Data for many parameters which were expected to have some 
affect on the generation or collection of mist emissions of 
cr+6 were either incomplete or inconsistent. For example, data 
on the plated part surface area and tank freeboard were 
missing from the historical EPA database. Indications from 
the literature strongly suggest emissions should increase as 
surface area plated increases. Tank freeboard, as it 
increases, should make it more difficult for mists to escape 
the tank and become fugitive or stack emissions. Also, since 
the efficiency of the ventilation system strongly affects the 
probability of emissions escaping the tank, more specific 
information on the dimensions and design of the hood and 
ventilation system is needed. 
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Modeling emissions versus process and ventilation 
parameters was difficult because of the lack of internal 
consistency-·-o-f the data. This was due in part to the fact 
that several different plating facilities were studied which 
plated a wide variety of parts under differing production and 
operation schemes. The variability in emission data for hard 
chrome plating is a direct measure of the variability in these 
factors. To adequately derive and evaluate emissions models 
would require a laboratory environment plating setup where 
each parameter was varied separately while all others were 
held constant. Parameters recommended for further study 
include: tank reach, tank depth, part orientation, tank 
freeboard, plated part surface area, and solution temperature. 
APPENDICES 
APPENDIX A 
UNCONTROLLED HEXAVALENT CHROMIUM EMISSIONS DATA 
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Plant Test Total Mass Total 
Reference Run No._gf 
- --
Type of Cr(VI) Emissions Run Time Voltage Current 
Document ID# Tanks Parts Plated (mg) (minutes) (Votts) (Amperes) 
9 1 1 Industrial Rolls 96000 180 6.8 4800 
2 66000 120 7 5200 
3 62000 120 7.3 5200 
10 [1] 1 Crankshafts 
2 41600 120 5.8 3000 
3 50400 120 6 2300 
4 55800 120 5.6 3600 
5 37400 120 5.6 3600 
6 37200 120 5.6 3700 
7 79000 192 6.6 3100 
8 45000 120 6.2 2800 
11 1 1 Industrial Rolls 285000 180 7.5 8580 
2 136000 120 7.1 9530 
3 152500 143 7.5 7050 
12 1 2 Industrial Rolls 46500 180 12.8 5010 
2 44400 180 12.8 4690 
3 45300 180 11 .2 4700 
13 1 1 Hydraulic Cylinders 163800 192 5 6500 
2 157200 120 4.8 5000 
3 171200 120 4.85 5200 
4 205600 120 4.8 4800 
5 192200 120 6.8 4900 
14 1 1 Industrial Rolls 65900 192 4.6 3000 
2 45200 120 4.7 3000 
3 58200 120 5 5400 
15 1 2 Industrial Rolls 148400 120 7.9 6110 
2 2~ 122 8 6610 
3 234800 120 8.2 6500 
[4] 
5 176000 125 7.8 4520 
6 206000 120 7.9 4220 
7 195800 120 7.5 3240 
8 151000 120 7.7 3220 
9 143000 120 7.5 2730 
10 200000 120 7.5 3170 
11 179000 120 7.5 3110 
12 149000 120 7.6 3330 
16 1 3 Textile Loom Parts 222876 180 6.1 3800 
2 100872 180 6.1 2080 
3 94374 180 6.1 2890 
UCF 1 1 Industrial Rolls 129700 120 7.5 4600 
Plant One 2 162360 120 7.5 4600 
3 215870 120 7 5600 
4 326530 120 7 5600 
UCF 1 5 Aircraft Engine Parts 21no 180 5 398 
Plant Two 2 34010 180 5 408 
3 29930 180 5 452 
4 29020 240 5 505 
[ ] - Data from test run not included due to possible contamination. 
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Plant Test Total Average Tank Total lotal Bath Cr(VI) 
Reference Run Freeboard Tank length Tank Width Reach(a) Bath Area Bath Vol. (b) Cone. Bath Temp. 
Document 10# -- (cmr (meters) (meters) (meters) (sq meters) (liters) (mg/l} (deg K) 
9 1 3.50 0.914 0.46 3.32 9270 145872 327 
2 3.50 0.914 0.46 3.32 9270 115385 327 
3 3.50 0.914 0.46 3.32 9270 119308 327 
10 [1] 
2 9.10 1.1 0.55 10.00 10410 115981 325 
3 9.10 1.1 0.55 10.00 10410 117569 325 
4 9.10 1.1 0.55 10.00 10410 115981 325 
5 9.10 1.1 0.55 10.00 10410 116297 325 
6 9.10 1.1 0.55 10.00 10410 115353 325 
7 9.10 1.1 0.55 10.00 10410 114416 325 
8 9.10 1.1 0.55 10.00 10410 114105 325 
11 1 4.30 1.2 1.2 5.16 15100 109200 325 
2 4.30 1.2 1.2 5.16 15100 109200 325 
3 4.30 1.2 1.2 5.16 15100 109200 325 
12 1 3.32 0.7 0.35 2.50 4130 123690 334 
2 3.32 0.7 0.35 2.50 4130 131983 333 
3 3.32 0.7 0.35 2.50 4130 123138 333 
13 1 2.40 0.76 0.76 1.82 4810 97128 329 
2 2.40 0.76 0.76 1.82 4810 101724 329 
3 2.40 0.76 0.76 1.82 4810 102279 329 
4 2.40 0.76 0.76 1.82 4810 104818 328 
5 2.40 0.76 0.76 1.82 4810 102001 329 
14· 1 1.80 0.76 0.76 1.37 5720 106745 327 
2 1.80 0.76 0.76 1.37 5720 111620 328 
3 1.80 0.76 0.76 1.37 5720 111620 328 
15 1 10.00 0.9 0.45 8.98 9840 11n91 331 
.2 10.00 0.9 0.45 8.98 9840 118445 331 
3 10.00 0.9 0.45 8.98 9840 119257 332 
(4) 
5 10.00 0.9 0.45 8.98 9840 118503 332 
6 10.00 0.9 -'0.45 8.98 9840 120200 332 
7 10.00 0.9 0.45 8.98 9840 119182 332 
8 10.00 0.9 0.45 8.98 9840 11nas 331 
9 10.00 0.9 0.45 8.98 9840 113728 332 
10 10.00 0.9 0.45 8.98 9840 111413 332 
11 10.00 0.9 0.45 8.98 9840 113626 332 
12 10.00 0.9 0.45 8.98 9840 114323 332 
16 1 8.90 0.75 0.75 6.59 5150 93600 323 
2 8.90 0.75 0.75 6.59 5150 88550 323 
3 8.90 0.75 0.75 6.59 5150 90600 323 
UCF 1 45.7 3.50 0.914 0.46 3.32 9270 128500 330 
Plant One 2 45.7 3.50 0.914 0.46 3.32 9270 128500 330 
3 45.7 3.50 0.914 0.46 3.32 9270 131200 330 
.. 45.7 3.50 0.914 0.46 3.32 9270 131200 330 
UCF 1 10.2 8.33 0.914 0.46 5.76 5250 148750 320 
Plant Two 2 10.2 8.33 0.914 0.46 5.76 5250 148750 320 
3 10.2 8.33 0.914 0.46 ... 92 4490 144490 320 
4 10.2 8.33 0.914 0.46 5.76 5250 144490 320 
[ ] - Data from test run not included due to possible contamination. 
(a) Tank reach is equal to tank width for single-sided hoods, and is equal to tank width/2 for double- and greater sided hoods. 
(b) Bath Volume is the total liquid volume in all of the operating plating tanks. 
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Plant le&t Plated Exhaust Bath 
Reference Run Surf. Area Agitation Cover Hood Type Fk>wrate Ventilation 
Document 10# (sq meters) (c) (acmm)(e) Rate (f) 
-
. - .. 
9 1 19 .• N Y,partiaJ Three elded 190 57.2 
2 19 .• N Y,partial (lateral) 190 57.2 
3 19.4 N Y,partiaJ 190 57.2 
10 [1) Double-Sided 
2 N N (Lateral) 575 57.5 
3 N N 575 57.5 
• N N 575 57.5 
5 N N 575 57.5 
6 N N 575 57.5 
7 N N 575 57.5 
8 N N 575 57.5 
11 1 N Y,panel& Sing~Sided 1n 34.3 
2 N '(,panels (Push-PuiQ 1n 34.3 
3 N Y,panets 1n 34.3 
12 1 N N Double-Sided 152 60.8 
2 N N (Lateral) 152 60.8 
3 N N 152 60.8 
13 1 15.2 N N Sing~Sided 128 70.3 
2 13.9 N N (lateral) 128 70.3 
3 13 .• N N 128 70.3 
• 12.3 N N 128 70.3 
5 11.7 N N 128 70.3 
1. 1 11.2 Y,air N Single-Sided 95 69.3 
2 11.2 Y,a.ir N (Lateral) 95 69.3 
3 19.7 Y,air N 95 69.3 
15 1 N N Double-Sided 290 32.3 
2 N N (Lateral) 290 32.3 
3 N N 290 32.3 
l•J 
5 N N 290 32.3 
6 N N 290 32.3 
7 N N 290 32.3 
8 N N 290 32.3 
9 N N 290 32.3 
10 N N 290 32.3 
11 N N 290 32.3 
12 N N 290 32 . 3 
16 1 N N Single-Sided 512 n.1 
2 N N (d) 512 77.7 
3 N N 512 77.7 
UCF 1 20.1 N Y,partial Three-Sided 188 56.6 
Plant One 2 20.1 N Y,partial (lateral) 11M 58 .• 
3 19.4 N Y,partial 190 57.2 
• 19.4 N Y,partial 191 57.5 
UCF 1 1 N N Double-Sided 389 67.5 
Plant Two 2 1 N N (Lateral) 381 66.1 
3 2.11 N N 370 75.2 
• 2.11 N N 406 70.5 
[ ] -Data from test run not included due to possible contamination. 
(c) An exhaust hood will have ventilation slots on one or both the the long sides of the tank. 
The RoU Tech site and UCF plant one have additional venting on a third eide (width). 
(d) In this plant, one tank has a push-pull system, the other two have &aleraJ exhaust eystems. 
(e) (acmm) - actual cubic meters per minute. 
VentJiabon 
Slot Area(g) Model1 
(aq meter) (A H) (h) 
o .• 1«00 
o .• 1().400 
o .• 1().400 
1.62 6000 
1.62 4600 
1.62 7200 
1.62 7200 
1.62 7<400 
1.62 9920 
1.62 5600 
0.27. {25740} 
0.27. {19060} 
0.27. {16803} 
0.389 15030 
0.389 14070 
0.389 1.100 
0.158 20800 
0.158 10000 
0.158 1().400 
0.158 9600 
0.158 9800 
0.137 9600 
0.137 6000 
0.137 10800 
1.016 12220 
1.016 134-40 
1.016 13000 
1.016 SM17 
1.016 8-«0 
1.016 M80 
1.016 6«0 
1.016 5oi60 
1.016 6:WO 
1.016 6220 
1.016 6660 
0.283 11<400 
0.283 6240 
0.283 8670 
0 .• 2 9200 
0 .• 2 9200 
0 .• 2 11200 
0 .• 2 11200 
0.932 111M 
O.G32 122. 
0.932 1356 
0.932 2020 
(f) Bath Ventilation Rate (BVR) is defined as Ventilation exhaust flowrate (Oexh) in actual cubic meters per minute (acmm) 
divided by the plating bath surface area in square meters. 
Model2 
(I) 
1.11E+09 
8.00E+08 
8.00E+08 
3.86E+08 
2.96E+08 
• . 63E+08 
•. 63E+08 
• . 76E+08 
6.37E+08 
3.60E+08 
{7.32E+09} 
{5 .• 2E+09} 
{4.78E+09} 
3.99E+08 
3.73E+08 
3.7.E+08 
1.15E+09 
5.ME+08 
5.76E+08 
5.32E+08 
5.~E+08 
5 .• 9E+08 
3.~E+08 
6.18E+08 
1.06E+09 
1.11E+09 
1.13E+09 
8.19E+08 
7.34E+08 
5.64E+08 
5.60E+08 
• . 75E+08 
5.51E+08 
5 .• 1E+08 
5.79E+08 
1.37E+09 
7.48E+08 
1.04E+09 
6.7.E+08 
6.7.E+08 
8.21E+08 
8.21E+08 
3.87E+07 
3.G7E+07 
3.21E+07 
6.55E+07 
(g) Slot area is calculated by muhiplying slot length x slot height x number of tank aides vented by the hood. 
(h) AH (Ampere-hour) is a unit of electrical energy. Ampere-hours measure the amount of current supplied to the plating tanka over any given 
time frame. (Here, the time frame represents the duration of aam~ing) . 
(i) Model 2: Ampere-hours x Bath volume x Bath Surface Area I Slot Surface Area. 
{ } - Data from this facility were excluded as outtiers. 
APPENDIX B 
FUGITIVE SAMPLING DURATION CALCULATIONS 
GIVEN: 
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1. Typical stack flow rate = 7530 actual m3jhr; 
2. Approximate uncontrolled cr•6 mass emission rate = 
0.1 kgjhr; 
3. Room volume = (10m x 15m x 3m) = 450 m3 ; 
4. Assume complete mixing of fugitives in room air; 
5. 15 room air changes per hour (ach); 
6. All sampled cr•6 is captured in the first 250 mL 
glass impinger; and 
7. Fugitive air sampling flow rate= 0.019 acmm. 
CASE 1 - Lower Sampling Time Limit 
Assume: 1. A maximum of 10% of total cr•6 emissions are 
fugitives (0.10 x 0.1 kg cr•6;hr x 109 J.J.g/kg = 107 
J.J.g/hr) . ' 
2. Desire to capture a minimum of 0. 5 mg cr•6 /L in 
first 250 mL impinger (125 J.J.g cr•6 ). 
Ventilation flow rate = 15 ach x 450 m3 = 
Total air flow rate - (6750 + 7530) m3jhr = 14,280 m3/hr 
cr•6 cone. = (107 JJ.g cr•6;hr)/(14,280 m3jhr) = 100 ugcr•6;m3 
Sample val = (125 JJ.g cr•6)/(700 JJ.g cr•6;m3 ) = 0.143 m3 
Sample time = (0.143 m3 )/(0.019 m3jmin) = 7.5 min 
CASE 2 - Upper Sampling Time Limit 
Assume: 1. A maximum of 1% of total cr•6 emissions are 
fugitives (0.01 X 0.1 kg Cr+61hr X 109 JJ.g/kg = 106 
JJ.glhr) . 
2 . Des ire to capture a minimum of 1. o mg cr•6 /L in 
first 250 mL impinger (250 JJ.g cr•6). 
Ventilation flow rate = 15 ach x 450 m3 = 6750 m3 /hr 
Total air flow rate= (6750 + 7530) m31hr- 14,280 m3/hr 
cr•6 cone = ( 106 JJ.g cr•61hr) 1 ( 14,280 m3 /hr) - 70 ug cr•6 /m3 
Sample vol = (250 JJ.g cr•6 ) 1 (70 JJ.g cr•6;m3 ) - 3. 57 m3 
Sample time = (3.57 m3)j(0.019 m3;min) = 187 min 
(3 .1 hr> 
APPENDIX C 
ROOM AIR FLOW CALCULATIONS 
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p~ ONE- Front Door (East side), Day One (7-31-91) 
Air Velocity Measurements in feet per minute (fpm) 
(Air flow into room) 
200 140 150 140 150 
110 180 220 210 160 
200 150 140 170 250 
190 180 180 200 150 
180 160 130 150 200 
200 180 170 180 120 
180 170 150 160 180 
200 280 210 130 150 
140 130 100 120 100 
200 110 120 60 170 
Key 
<time of reading> 
<1200> 
--
<1400> 
Figure C. 1. Air Velocity Measurements, Plant One - Front Door 
(East side), Day One. 
Average air velocity = 164 fpm 
Door area = 10 ft x 10 ft = 100 ft2 
Estimated air flow rate = 164 fpm x 100 ft2 - 16,400 acfm 
P~ ONE- Front Door (East side), Day Two (8-01-91) 
Because it was raining hard outside on this day, the measurements 
taken for air flow at this door were not considered accurate and 
are not included in the data. 
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PLANT ONE - Door Between Middle and Back Room, Day one 
(7-31-91) 
Air Velocity Measurements in feet per minute (fpm) 
(+ indicates a-ir-flow into middle room, 
- indicates air flow into back room) 
-160 -150 -150 -120 
-140 -110 -120 -140 
0 -70 -80 -60 
0 -80 -110 -140 
0 +40 +80 +50 
+50 +50 +120 +100 
+50 +110 +150 +140 
+50 +200 +190 +120 
Key 
<time of reading> 
<1230> 
<143,0> 
Figure C.l. Air Velocity Measurements, Plant One - Door Between 
Middle and Back Room, Day One. 
Average air velocity = -4.06 fpm 
Door area = 8 ft x 8 ft = 64 ft2 
Estimated air flow rate = -4.06 fpm x 64 ft2 = -260 acfm 
PLANT ONE - Door Between Middle and Back Room, Day Two 
(8-01-91) 
Because it was raining hard outside on this day, the measurements 
taken for air flow at this door were not considered accurate and 
are not included in the data. 
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PLANT ONE - Total Estimated Air Flow Rate 
Day One (7-31-91) 
Total ambient air _f~ow rate (Q8 ) = (16,400 - 260) acfm = 
Day Two (8-01-91) 
No valid readings due to rain on this day. 
Average 
Average ambient air temperature (T8 ) = 82 F 
Standard air temperature (Ts) = 25 F 
Average ambient pressure (P8 ) = 1 atm 
Standard pressure (Ps) = 1 atrn 
Average ambient air flow rate (Qa) = 
Average standard air flow rate (Qs) = 
Qa X (Ts/Ta) 16, 160 acfm x ( 2 5 +4 1 318 2 +4 1 3 ) = (Ps/Pa) ( 1 atm/ 1 atm) 
16.160 acfm 
16.160 acfm 
= 
14,500 scfm 
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PLANT TWO- Main Door (South side), Day one (8-13-91) 
Air Velocity Measurements in feet per minute (fpm) 
(Air flow into room) 
210 290 360 350 
200 290 340 300 
420 380 420 380 
380 350 380 320 
360 360 320 290 
440 350 360 360 
350 370 370 370 
320 370 300 260 
410 330 390 350 
250 350 360 320 
200 380 340 280 
390 380 360 410 
Key 
<time of reading> 
<1025> 
<1145> 
<1530> 
Figure c. 3. Air Velocity Measurements, Plant Two - Main Door 
(South side), Day One. 
Average air velocity = 342 fpm 
Door area - 8 ft x 8 ft = 64 ft2 
Estimated air flow rate = 342 fpm x 64 ft2 = 21,890 acfm 
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PLANT TWO- Side Door (East side), Day one (8-13-91) 
Air Velocity Measurements in feet per minute (fpm) 
{Air flow into room) 
440 240 
390 250 
360 370 
410 330 
410 350 
320 420 
400 410 
370 390 
350 440 
100 420 
300 440 
380 420 
Key 
<time of reading> 
<1040> 
<1155> 
<1500> 
Figure C. 4. Air Velocity Measurements, Plant Two - Side Door (East 
side), Day One. 
Average air velocity = 363 fpm 
Door area= 7.42 ft x 4 ft = 30 ft2 
Estimated air flow rate = 363 fpm x 30 ft2 = 10,770 acfm 
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PLANT TWO- Main Door (South side), Day Two (8-14-91) 
Air Velocity Measurements in feet per minute (fpm) 
(Air flow into room) 
390 240 250 260 
470 180 260 310 
40 280 310 20 
390 330 290 270 
400 330 340 280 
380 320 320 350 
390 320 320 290 
390 360 350 300 
350 320 360 390 
360 350 260 250 
370 390 400 310 
290 340 350 390 
Key 
<time of reading> 
<1030> 
<1300> 
<1530> 
Figure C. 5. Air Velocity Measurements, Plant Two - Main Door 
(South side), Day Two. 
Average air velocity = 317 fpm 
Door area = 8 ft x 8 ft = 64 ft2 
Estimated air flow rate = 317 fpm x 64 ft2 = 20,280 acfm 
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PLANT TWO- Side Door (East side), Day Two (B-14-91) 
Air Velocity Measurements in feet per minute (fpm) 
(Air flow into room) 
150 330 
420 210 
370 340 
330 340 
310 360 
330 330 
270 360 
390 390 
330 400 
140 370 
390 370 
350 370 
Key 
<time of reading> 
<1030> 
<1300> 
<1530> 
Figure C. 6. Air Velocity Measurements, Plant Two - Side Door (East 
side), Day Two. 
Average air velocity = 331 fpm 
Door area - 7.42 ft x 4 ft = 30 ft2 
Estimated air flowrate = 331 fpm x 30 ft2 = 9930 acfm 
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PLANT TWO - Total Estimated Air Flow Rate 
Day One (8-13-91) 
Total ambi~_rrt _air flow rate (Q
8
) = 
(21,890 + 10,770) acfm = 
Day Two (8-14-91) 
Total ambient air flow rate (Q8 ) = (20,280 + 9930) acfm = 
Average 
Average ambient air temperature (T ) = 85 F 
• a Standard a1r temperature {T8 ) = 25 F 
Average ambient pressure (P8 ) = 1 atm Standard pressure {P8 ) = 1 atm 
Average ambient air flow rate (Q8 ) = 
32,660 acfm 
30,210 acfm 
(32,660 + 30,210)/2 acfm = 31,440 acfm 
Average standard air flow rate (Q
8
) = 
Qa x ~Ts/Ta) = 31 , 440 acfm x (25+473/85+473) = 28 1 100 scfm 
PJP8 ) (1 atm/1 atm) 
APPENDIX D 
QUALITY ASSURANCE / QUALITY CONTROL DATA 
-· 
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TABLE D.1 
REPLICATE ANALYSES FOR DETERMINATION 
OF THE METHOD DETECTION LIMIT (MDL) 
DILUTED PLATING BATH SOLUTION 
CONCENTRATION (mg/L) 
0.241 0.262 0.251 0.264 
0.255 0.261 0.261 0.257 
0.251 0.268 0.250 0.259 
0.253 0.265 0.253 0.262 
0.255 0.263 0.253 0.259 
0.253 0.259 0.246 0.264 
standard deviation = 0.00654 mg/L 
TABLE D.2 
DUPLICATE ANALYSES FOR DETERMINATION 
OF EXPECTED RELATIVE PERCENT DIFFERENCE (RPD) 
DILUTED PLATING BATH SOLUTION 
CONCENTRATION (mg/L) 
Sample One 
0.241 
0.251 
0.255 
0.261 
0.251 
0.250 
0.253 
0.253 
0.255 
0.253 
0.253 
0.246 
Sample Two 
0.262 
0.264 
0.261 
0.257 
0.268 
0.259 
0.265 
0.262 
0.263 
0.259 
0.259 
0.264 
expected RPD - 4.18% 
RPD (%) 
8.35 
5.04 
2.33 
1.54 
6.43 
3.54 
4.63 
3.50 
3.08 
2.34 
2.34 
7.05 
I 
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TABLE D.3 
REPLICATE SPIKED PRIMARY SAMPLE ANALYSIS FOR 
DETERMINATION OF EXPECTED PERCENT RECOVERY (%) 
- .. 
-
I PERCENT RECOVERY (%) I 
110.7 102.1 105.7 104.3 
104.9 103.5 105.9 99.5 
106.1 101.7 106.5 103.2 
expected percent recovery = 104.5% 
standard deviation = 2.9% 
TABLE D. 4 
QUALITY ASSURANCE SAMPLE ANALYSIS 
OF DUPLICATE SAMPLES FOR ASSESSMENT OF PRECISION 
DATE I RESULT (RPD) I CRITERIA I COMMENT 
7-31-91 2.24% UWL - 10.49% in control 
8-01-91 8.45% UCL = 13.67% in control 
8-01-91 6.45% in control 
8-13-91 7.60% in control 
8-14-91 0.40% in control 
8-14-91 1.63% in control 
8-14-91 0.96% in control 
I 
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TABLE D.5 
QUALITY ASSURANCE SAMPLE ANALYSIS 
OF SPIKES FOR ASSESSMENT OF ACCURACY 
- --
RESULT 
DATE (percent CRITERIA COMMENT 
recovery) 
7-31-91 99.3% LCL = 95.8% in control 
7-31-91 101.5% LWL = 98.7% in control 
8-01-91 100.2% UWL = 110.3% in control 
8-01-91 100.0% UCL - 113.2% in control 
8-13-91 108.5% in control 
8-14-91 103.3% in control 
8-14-91 100.9% in control 
8-14-91 99.0% in control 
TABLE D.6 
QUALITY ASSURANCE SAMPLE ANALYSIS 
OF FIELD BLANKS FOR DETECTION OF CONTAMINATION 
DATE SOURCE RESULT CRITERIA COMMENT 
(mg/L) (mg/L) 
7-31-91 Stack BDL < 0.016 in control 
8-01-91 Fugitive 1 BDL in control 
8-01-91 Fugitive 2 BDL in control 
8-01-91 Fugitive 3 BDL in control 
8-01-91 Fugitive 5 BDL in control 
8-13-91 Fugitive 1 BDL in control 
8-13-91 Fugitive 2 BDL in control 
8-13-91 Fugitive 3 BDL in control 
8-13-91 Fugitive 4 BDL in control 
8-13-91 Fugitive 5 BDL in control 
8-13-91 Stack 0.018 out of control 
APPENDIX E 
HEXAVALENT CHROMIUM SAMPLING DATA 
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TABLE E.1 
SAMPLE IDENTIFICATION - PLANT ONE 
I DATE - - ·· L ID I DESCRIPTION I 
7-31-91 SOlA Stack Inlet Run 1 
SOlB Stack Inlet Run 1 Washings 
S02A Stack Inlet Run 2 
S02B Stack Inlet Run 2 Washings 
QSTF Stack Inlet Field Blank 
POl Plating Tank 
FlA Fugitive Unit 1 Upstream Impinger 
F1B Fugitive Unit 1 Downstream Impinger 
F2A Fugitive Unit 2 Upstream 
F2B Fugitive Unit 2 Downstream 
F3A Fugitive Unit 3 Upstream 
F3B Fugitive Unit 3 Downstream 
F5A Fugitive Unit 5 Upstream 
F5B Fugitive Unit 5 Downstream 
8-01-91 S03A Stack Inlet Run 3 
S03B Stack Inlet Run 3 Washings 
S04A Stack Inlet Run 4 
S04B Stack Inlet Run 4 Washings 
QFBl Field Blank Fugitive Unit 1 
QFB2 Field Blank Fugitive Unit 2 
QFB3 Field Blank Fugitive Unit 3 
QFB5 Field Blank Fugitive Unit 5 
FllA Fugitive Unit 1 Upstream Impinger 
FllB Fugitive Unit 1 Downstream Impinger 
Fl2A Fugitive Unit 2 Upstream 
F12B Fugitive Unit 2 Downstream 
F13A Fugitive Unit 3 Upstream 
F13B Fugitive Unit 3 Downstream 
F15A Fugitive Unit 5 Upstream 
F15B Fugitive Unit 5 Downstream 
P02 Plating Tank 
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TABLE E.2 
RESULTS OF STACK AND FUGITIVE TESTING - PLANT ONE 
-· .. - - - cr•6 cr•6 MASS ID CONCENTRATION 
(mg/L) (mg) 
SOlA 0.178 17.72 
SOlB 0.029 0.01 
S02A 0.442 22.08 
S02B 0.065 0.03 
QSTF BDL {<0.016) N/A 
POl 128,500 N/A 
FlA BDL {<0.016) BDL (<0.008 ) 
FlB BDL {<0.016) BDL {<0.008 ) 
F2A BDL {<0.016) BDL {<0.008) 
F2B BDL (<0.016) BDL {<0.008) 
F3A BDL {<0.016) BDL {<0.008) 
F3B BDL {<0.016) BDL {<0.008) 
FSA BDL (<0.016) BDL (<0.008) 
F5B BDL (<0.016) BDL (<0.008) 
SOJA 0.588 29.42 
S03B 0.039 0.02 
S04A 0.895 44.75 
S04B 0.042 0.02 
QFB1 BDL (<0.016) N/A 
QFB2 BDL (<0.016) N/A 
QFB3 BDL (<0.016) N/A 
QFB5 BDL {<0.016) N/A 
F11A BDL (<0.016) BDL (<0.008) 
F11B BDL (<0.016) BDL {<0.008) 
F12A BDL {<0.016) BDL (<0.008) 
F12B BDL {<0.016) BDL (<0.008) 
F13A BDL (<0.016) BDL (<0.008) 
F13B BDL (<0.016) BDL (<0.008) 
F15A 0.527 0.264 
F15B BDL (<0.016) BDL {<0.008) 
P02 131,200 N/A 
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TABLE E. 3 
ATMOSPHERIC CONCENTRATIONS, FUGITIVE AND STACK 
TESTING - PLANT ONE 
-· . - ·-
ID AIR VOLUME cr+6 CONCENTRATION 
(scf) (J..Lg/scm) 
S01A,B 99.3 6307 
S02A,B 100.6 7763 
F1A,B 154.2 BDL (<4) 
F2A,B 158.0 BDL (<4) 
F3A,B 146.4 BDL (<4) 
F5A,B 155.4 BDL (<4) 
S03A,B 100.0 10,400 
S04A,B 100.8 15,690 
F11A,B 145.6 BDL (<4) 
F12A,B 156.3 BDL (<4) 
F13A,B 135.9 BDL (<4) 
F15A,B 158.7 59 
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TABLE E.4 
SAMPLE IDENTIFICATION - PLANT TWO 
I DATE . ( ·· - ID I DESCRIPTION I 
8-13-91 S21A Stack Inlet AM Run 
S21B Stack Inlet AM Run Washings 
F21A Fugitive Unit 1 AM Run Upstream Impinger 
F21B Fugitive Unit 1 AM Run ·Downstream Impinger 
F22A Fugitive Unit 2 AM Run Upstream 
F22B Fugitive Unit 2 AM Run Downstream 
F24A Fugitive Unit 4 AM Run Upstream 
F24B Fugitive Unit 4 AM Run Downstream 
F25A Fugitive Unit 5 AM Run Upstream 
F25B Fugitive Unit 5 AM Run Downstream 
P21 Plating Tank 1 
P22 Plating Tank 2 
P23 Plating Tank 3 . 
P24 Plating Tank 4 
S31A Stack Inlet PM Run 
S31B Stack Inlet PM Run Washings 
F31A Fugitive Unit 1 PM Run Upstream Impinger 
F31B Fugitive Unit 1 PM Run Downstream Impinger 
F32A Fugitive Unit 2 PM Run Upstream 
F32B Fugitive Unit 2 PM Run Downstream 
F33A Fugitive Unit 3 PM all day Upstream 
F33B Fugitive Unit 3 PM all day Downstream 
F34A Fugitive Unit 4 PM Run Upstream 
F34B Fugitive Unit 4 PM Run Downstream 
F35A Fugitive Unit 5 PM Run Upstream 
F35B Fugitive Unit 5 PM Run Downstream 
QFBl Fugitive Unit 1 PM Field Blank 
QFB2 Fugitive Unit 2 PM Field Blank 
QFB3 Fugitive Unit 3 PM Field Blank 
QFB4 Fugitive Unit 4 PM Field Blank 
QFB5 Fugitive Unit 5 PM Field Blank 
* 
Stack Inlet Blank 
. 
* No ID Label for th1s sample. 
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TABLE E.4 - CONTINUED 
SAMPLE IDENTIFICATION - PLANT TWO 
I DATE ) - fo I DESCRIPTION I 
8-14-91 S41A Stack Inlet AM Run 
S41B Stack Inlet AM Run Washings 
F41A Fugitive Unit 1 AM Run Upstream Impinger 
F41B Fugitive Unit 1 AM Run Downstream Impinger 
F42A Fugitive Unit 2 AM Run Upstream 
F42B Fugitive Unit 2 AM Run Downstream 
F44A Fugitive Unit 4 AM Run Upstream 
F44B Fugitive Unit 4 AM Run Downstream 
F45A Fugitive Unit 5 AM Run Upstream 
F45B Fugitive Unit 5 AM Run Downstream 
S51A Stack Inlet PM Run 
S51B Stack Inlet PM Run Washings 
F51A Fugitive Unit 1 PM Run Upstream Impinger 
F51B Fugitive Unit 1 PM Run Downstream Impinger 
F52A Fugitive Unit 2 PM Run Upstream 
F52B Fugitive Unit 2 PM Run Downstream 
F53A Fugitive Unit 3 PM all day Upstream 
F53B Fugitive Unit 3 PM all day Downstream 
F54A Fugitive Unit 4 PM Run Upstream 
F54B Fugitive Unit 4 PM Run Downstream 
F55A Fugitive Unit 5 PM Run Upstream 
F55B Fugitive Unit 5 PM Run Downstream 
P51 Plating Tank 1 
P52 Plating Tank 2 
P53 Plating Tank 3 
P54 Plating Tank 4 
P55 Plating Tank 5 
105 
TABLE E.5 
RESULTS OF STACK AND FUGITIVE TESTING - PLANT TWO 
··- .. ID cr+6 CONCENTRATION Cr+6 MASS 
(mg/L) (mg) 
S21A 0.225 0.707 
S21B BDL {<0.016) BDL (<0.008} 
F21A BDL (<0.016} BDL (<0.008} 
F21B BDL (<0.016} BDL (<0.008) 
F22A BDL (<0.016} BDL (<0.008} 
F22B BDL (<0.016} BDL (<0.008) 
F24A BDL (<0.016) BDL (<0.008} 
F24B BDL {<0.016) BDL {<0.008) 
F25A BDL (<0.016) BDL . (<0.008} 
F25B BDL (<0.016) BDL (<0.008) 
P21 113,000 N/A 
P22 117,000 N/A 
P23 177,000 N/A 
P24 158,000 N/A 
S31A 0.590 1.180 
S31B BDL (<0.016} BDL (<0.008} 
F31A BDL (<0.016} BDL (<0.008} 
F31B BDL {<0.016) BDL (<0.008) 
F32A BDL (<0.016} BDL (<0.008} 
F32B BDL (<0.016} BDL (<0.008} 
F33A BDL {<0.016) BDL (<0.008) 
F33B BDL {<0.016) BDL (<0.008} 
F34A BDL {<0. 0·16) BDL (<0.008} 
F34B BDL (<0.016} BDL (<0.008} 
F35A BDL (<0.016) BDL (<0.008) 
F35B BDL (<0.016) BDL (<0.008) 
QFB1 BDL (<0.016) N/A 
QFB2 BDL (<0.016) N/A 
QFB3 BDL (<0.016) N/A 
QFB4 BDL (<0.016} N/A 
QFB5 BDL (<0.016) N/A 
* 
0.018 1.451 
* Corresponds to Stack Inlet Blank on 8-13-91 
from Table E.4. 
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TABLE E.5 - CONTINUED 
RESULTS OF STACK AND FUGITIVE TESTING - PLANT TWO 
-· 
- .. 
- cr•6 cr•6 MASS ID CONCENTRATION 
(mg/L) (mg) 
S41A 0.018 1.451 
S41B 0.725 0.011 
F41A 0.022 BDL (<0.008 ) 
F41B BDL (<0.016) BDL (<0.008 ) 
F42A BDL (<0.016) BDL (<0.008 ) 
F42B BDL (<0.016) BDL (<0.008 ) 
F44A BDL (<0.016) BDL (<0.008) 
F44B BDL (<0.016) BDL (<0.008) 
F45A BDL (<0.016) BDL (<0.008) 
F45B BDL (<0.016) BDL (<0.008) 
S51A 0.352 1.409 
S51B 0.027 0.014 
F51A BDL (<0.016) BDL (<0.008) 
F51B BDL (<0.016) BDL (<0.008) 
F52A 0.071 0.035 
F52B BDL (<0.016) BDL (<0.008) 
F53A BDL (<0.016) BDL (<0.008) 
F53B BDL (<0.016) BDL (<0.008) 
F54A BDL (<0.016) BDL (<0.008) 
F54B BDL (<0.016) BDL (<0.008) 
FSSA BDL (<0.016) BDL (<0.008) 
FSSB BDL (<0.016) BDL (<0.008) 
P51 130,000 N/A 
P52 142,000 N/A 
P53 155,000 N/A 
P54 139,000 N/A 
P55 139,000 N/A 
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TABLE E. 6 
ATMOSPHERIC CONCENTRATIONS, FUGITIVE AND STACK 
TESTING - PLANT TWO 
-
--
ID AIR VOLUME cr+6 CONCENTRATION 
(scf) (J.Lg/scm) 
S21A,B 81.2 308 
F21A,B 79.9 BDL (<7) 
F22A,B 75.6 BDL (<7) 
F24A,B 72.9 BDL (<8) 
F25A,B 79.5 BDL (<7) 
S31A,B 76.5 545 
F31A,B 78.8 BDL (<7) 
F32A,B 80.7 BDL (<7) 
F33A,B 169.2 BDL (<3) 
F34A,B 72.7 BDL (<8) 
F35A,B 87.1 BDL (<6) 
S41A,B 113.2 456 
F41A,B 73.4 BDL (<8) 
F42A,B 77.7 BDL (<7) 
F44A,B 78.7 BDL (<7) 
F45A,B 80.0 BDL (<7) 
S51A,B 144.7 347 
F51A,B 98.5 BDL (<6) 
F52A,B 94.0 13 
F53A,B 190.7 BDL (<3) 
F54A,B 93.1 BDL (<6) 
F55A,B 89.9 BDL (<6) 
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